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Introduction 


(This introduction is not a part of IEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable 
Industrial and Commercial Power Systems.) 


The design of reliable industrial and commercial power systems is of considerable interest to 
many people. Prior to 1962, a qualitative viewpoint was taken when attempting to achieve 
this objective. The need for a quantitative approach was first recognized in the early 1960s 
when a small group of pioneers led by W. H. Dickinson organized an extensive AIEE survey 
of the reliability of electrical equipment in industrial plants. The AIEE survey that was taken 
in 1962 was followed by several IEEE reliability surveys, which were published in 1973 
through 1979. These surveys from the the 1970s were the basis for the reliability data con- 
tained in IEEE Std 493-1980. Six additional IEEE reliability surveys have been conducted 
and published during the 1980s and have been updated in this revision of IEEE Std 493-1997. 
The 1990 edition included pertinent tutorial reliability material and the cost of power inter- 
ruptions data. 


IEEE Std 493-1997 presents two new chapters, Chapter 9, a new methodology for estimating 
the frequency of voltage sags at industrial and commercial sites, and Chapter 10, a methodol- 
ogy for estimating the number of tests required to demonstrate reliability of emergency and 
standby systems. New appendixes have been added on high- and low-voltage circuit breaker 
reliability data, guarantees of gas turbines and combined cycle generating units, transmission 
line and equipment outage data, interruption costs, and expectations for service reliability. 
The existing appendices have been updated. 


Tutorial reliability sessions on the design of industrial and commercial power systems were 
conducted at technical conferences of the IEEE Industry Applications Society in 1971, 1976, 
1980, and 1991. 


This recommended practice was prepared by a working group of the Power Systems Reliabil- 
ity Subcommittee, Power Systems Engineering Committee, Industrial and Commercial 
Power Systems Department of the IEEE Industry Application Society. 


This IEEE Recommended Practice serves as a companion publication to the following other 
Recommended Practices prepared by the IEEE Industrial and Commercial Power Systems 
Department: 


— IEEE Std 141-1993, IEEE Recommended Practice for Electric Power Distribution for 
Industrial Plants (IEEE Red Book). 


— IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and 
Commercial Power Systems (IEEE Green Book). 


— IEEE Std 241-1990, IEEE Recommended Practice for Electric Power Systems in 
Commercial Buildings (IEEE Gray Book). 


— IEEE Std 242-1986, IEEE Recommended Practice for Protection and Coordination of 
Industrial and Commercial Power Systems (IEEE Buff Book). 


— IEEE Std 399-1990, IEEE Recommended Practice for Industrial and Commercial 
Power Systems Analysis (IEEE Brown Book). 


— IEEE Std 446-1995, IEEE Recommended Practice for Emergency and Standby Power 
Systems for Industrial and Commercial Applications (IEEE Orange Book). 


— IEEE Std 602-1996, IEEE Recommended Practice for Electric Systems in Health 
Care Facilities (EEE White Book). 


— IEEE Std 739-1995, IEEE Recommended Practice for Energy Management in Com- 
mercial and Industrial Facilities TEEE Bronze Book). 


— IEEE Std 1015-1997, IEEE Recommended Practice for Applying Low-Voltage Cir- 
cuit Breakers Used in Industrial and Commercial Power Systems (IEEE Blue Book). 


— IEEE Std 1100-1992, IEEE Recommended Practice for Powering and Grounding 
Sensitive Electronic Equipment (IEEE Emerald Book). 
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IEEE Recommended Practice for the 
Design of Reliable Industrial and 
Commercial Power Systems 


Chapter 1 
Introduction 


1.1 Objectives and scope 


The objective of this book is to present the fundamentals of reliability analysis applied to the 
planning and design of industrial and commercial electric power distribution systems. The 
intended audience for this material is primarily consulting engineers and plant electrical 
engineers. 


The design of reliable industrial and commercial power distribution systems is important 
because of the high cost associated with power outages. It is necessary to consider the cost of 
power outages when making design decisions for new power distribution systems as well as 
to have the ability to make quantitative “cost-versus-reliability” trade-off studies. The lack of 
credible data concerning equipment reliability and the cost of power outages has hindered 
engineers in making such studies. 


The authors of this book have attempted to provide sufficient information so that reliability 
analyses can be performed on power systems without requiring cross-references to other 
texts. Included are 


— Basic concepts of reliability analysis by probability methods 
— Fundamentals of power system reliability evaluation 

— Economic evaluation of reliability 

— Cost of power outage data 

— Equipment reliability data 

— Examples of reliability analysis 


In addition, discussion and information are provided on 


— Emergency and standby power 
— Electrical preventive maintenance 
— Evaluating and improving reliability of existing facilities 


Two new chapters have been added to this edition of IEEE Std 493: 


— Chapter 9,Voltage sag analysis 
— Chapter 10, Reliability compliance testing for emergency and standby power systems 
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Chapter 9 meets the demand for a methodology for estimating the frequency of voltage sags 
(which may interrupt processes and systems) at industrial and commercial sites. Chapter 10 
presents a methodology for estimating the number of tests required to demonstrate reliability 
compliance of devices and systems while considering the reliability constraints dictated by 
the manufacturer and the customer. 


New appendixes have been added to IEEE Std 493, and existing appendixes have been 
updated as follows: 


Appendix J, “Summary of CIGRE 13.06 Working Group Worldwide Reliability Data and 
Maintenance Cost Data on High Voltage Circuit Breakers Above 63 kV,” contains a summary 
of the most significant reliability data and maintenance cost data from two CIGRE 13.06 
Working Group worldwide reliability surveys of high-voltage circuit breakers rated 63 kV 
and above. 


Appendix M, “Reliability/Availability Guarantees of Gas Turbines and Combined Cycle 
Generating Units,” contains one manufacturer’s suggestion on how to write a reliability/avail- 
ability guarantee when industrial firms are purchasing gas turbine generating units or com- 
bined cycle units. 


Appendix N, “Transmission Line and Equipment Outage Data,” contains the failure rates of 
transmission line equipment that can be used for predicting voltage sags at a particular indus- 
trial or commercial site caused by transmission line outages on adjacent feeders and/or from 
the entire electric network configuration. 


Appendix O, “Interruption Costs, Consumer Satisfaction and Expectations for Service Reli- 
ability,” presents a recent study on the cost of service interruptions to various industrial and 
commercial types. This data can be used for evaluating the cost-reliability worth of various 
industrial and commercial electrical configurations. 


Appendix P, “Survey Results of Low-Voltage Circuit Breakers as Found During Maintenance 
Testing,’ contains the results of a low-voltage circuit reliability survey achieved through the 
use of available results from testing during preventive maintenance. 


A quantitative reliability analysis includes making a disciplined evaluation of alternate power 
distribution system design choices. When costs of power outages at the various building and 
plant locations are factored into the evaluation, the decisions can be based upon total owning 
cost over the useful life of the equipment rather than simply the first cost of the system. The 
material in this book should enable engineers to make more use of quantitative cost vs. 
reliability tradeoff studies during the design of industrial and commercial power systems. 


1.2 IEEE reliability surveys of industrial plants 


From 1973 through 1996, the Power Systems Reliability Subcommittee of the Power Sys- 
tems Engineering Committee of the IEEE Industry Applications Society conducted and pub- 
lished the results of extensive surveys of the reliability of electrical equipment in industrial 
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plants and also the cost of power outages for both industrial plants and commercial buildings. 
This included motors, motor starters, generators, power transformers, rectifier transformers, 
circuit breakers, disconnect switches, bus duct, switchgear bus-bare, switchgear bus-insu- 
lated, open wire, cable, cable joints, cable terminations, and electric utility power supplies. 
The results from these surveys have been published in 16 IEEE committee reports, 15 of 
which are included in this book in Appendixes A, B, C, D, E, G, H, K, and P. Appendix F 
gives the procedure used for conducting these surveys. It has been considered important that 
the “reasons for conducting the survey” be written down at the beginning of each new survey. 
It has also been considered important that the final report receive both oral and written dis- 
cussion at the end of each survey. Some of the IEEE surveys have also included the cost of 
power interruptions, critical service loss duration time, and plant restart time. The most 
important results from these 16 surveys have been summarized in Chapters 2, 3, and 5. Table 
3-2 contains a summary of the latest equipment reliability data from these surveys, and these 
values are suggested for use in the absence of better data that may be available from the 
reader’s own experience. Table 3-1 presents a guide of where to look in this book for addi- 
tional reliability data for each of several equipment categories. 


Four important equipment reliability surveys conducted by others have been summarized and 
included as Appendixes I, J, and N; these appendixes supplement the IEEE equipment reli- 
ability surveys in some categories in which there has been little or no data and in other cate- 
gories in which the data is more recent and/or much more extensive. These four equipment 
reliability surveys include 


— Cable, cable splices, and cable terminations 
—  High-voltage circuit breakers above 63 kV 

— Diesel and gas turbine generating units 

— Transmission lines and terminal equipment 


A paper on electrical service interruption costs is presented in Appendix O. 


The reliability survey data contained in this book provide historical experience to those who 
have not been able to collect their own data. Such data can be an aid in analyzing, designing, 
or redesigning an industrial or commercial system and can provide a basis for the quantitative 
comparison of alternate designs. 


1.3 How to use this book 


The methods of reliability analysis provided in this book are based upon probability and 
statistics. Some users of this book may wish to read Chapter 8 on basic probability concepts 
before reading Chapter 2 on planning and design. Other users may wish to start with 
Chapter 2 and not wish to attempt to fully understand the derivation of the statistical formulas 
given in 2.1.9 and 2.1.11.1. 


The most important parts of planning and design are covered in 2.1 and 2.2 on fundamentals 
of power system reliability evaluation and on the economic evaluation of reliability. 
Chapter 7 gives seven examples using these methods of analysis. These examples cover some 
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of the most common decisions that engineers are faced with when designing a power distribu- 
tion system. Some discussion on the limitations of reliability and availability predictions is 
included in the latter part of 7.1. 


Those wishing to obtain equipment reliability data should go to Chapter 3. Those wishing to 
obtain data on the cost of electrical interruptions to industrial plants or commercial buildings 
should consult 2.2. Any data on costs may need to be updated to take into account the effects 
of inflation. 


The importance of electrical preventive maintenance in planning and design is covered in 2.3 
and 2.4. Chapter 5 discusses the subject in further detail and contains data showing the effect 
of maintenance quality on equipment failure rates. 


Many reliability studies need to be followed up by considerations for emergency and standby 
power. This subject is covered in Chapter 6 and may also be considered part of planning and 
design. 


An approach to evaluating and upgrading the reliability of an existing plant is presented in 
Chapter 4. Some users of this book may wish to start with this chapter. 


1.4 Definitions 
The following definitions should be used in conjunction with this recommended practice: 


1.4.1 availability: As applied either to the performance of individual components or to that of 
a system, it is the long-term average fraction of time that a component or system is in service 
and satisfactorily performing its intended function. An alternative and equivalent definition 
for availability is the steady-state probability that a component or system is in service. 


1.4.2 component: A piece of electrical or mechanical equipment, a line or circuit, or a 
section of a line or circuit, or a group of items that is viewed as an entity for the purposes of 
reliability evaluation. 


1.4.3 electrical equipment: A general term including materials, fittings, devices, appliances, 
fixtures, apparatus, machines, etc., used as a part of, or in connection with, an electric instal- 
lation. 


1.4.4 electrical preventive maintenance: A system of planned inspection, testing, cleaning, 
drying, monitoring, adjusting, corrective modification, and minor repair of electrical equip- 
ment to minimize or forestall future equipment operating problems or failures, which, 
depending upon equipment type, may require exercising or proof testing. 


1.4.5 expected failure duration: The expected or long-term average duration of a single 
failure event. 
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1.4.6 expected interruption duration: The expected, or average, duration of a single-load 
interruption event. 


1.4.7 exposure time: The time during which a component is performing its intended function 
and is subject to failure. 


1.4.8 failure: Any trouble with a power system component that causes any of the following to 
occur: 


— Partial or complete plant shutdown, or below-standard plant operation 
— Unacceptable performance of user’s equipment 


— _ Operation of the electrical protective relaying or emergency operation of the plant 
electrical system 


—  De-energization of any electric circuit or equipment 
A failure on a public utility supply system may cause the user to have either of the following: 


— __ A power interruption or loss of service 
— A deviation from normal voltage or frequency outside the normal utility profile 


A failure on an in-plant component causes a forced outage of the component; that is, the com- 
ponent is unable to perform its intended function until it is repaired or replaced. The terms 
“failure” and “forced outage” are often used synonymously. 


1.4.9 failure rate: The mean number of failures of a component per unit exposure time. Usu- 
ally exposure time is expressed in years and failure rate is given in failures per year. 


1.4.10 forced outage: An outage (failure) that cannot be deferred. 


1.4.11 forced unavailability: The long-term average fraction of time that a component or 
system is out of service due to a forced outage (failure). 


1.4.12 interruption: The loss of electric power supply to one or more loads. 


1.4.13 interruption frequency: The expected (average) number of power interruptions to a 
load per unit time, usually expressed as interruptions per year. 


1.4.14 mean time between failures (MTBF): The mean exposure time between consecutive 
failures of a component. It can be estimated by dividing the exposure time by the number of 
failures in that period, provided that a sufficient number of failures has occurred in that 
period. 


1.4.15 mean time to repair (MTTR): The mean time to repair or replace a failed compo- 
nent. It can be estimated by dividing the summation of repair times by the number of repairs, 
and, therefore, it is practically the average repair time. 
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1.4.16 minimum cut-set: A set of components that, if removed from the system, results in 
loss of continuity to the load point being investigated and that does not contain as a subset 
any set of components that is itself a cut-set of the system. 


1.4.17 offline system: A system that is dormant until it is called upon to operate, such as a 
diesel generator that is started up when a power failure occurs. 


1.4.18 online system: A system that is operating at all times, such as an inverter supplied by 
dc power via the primary power source through a battery charger. 


1.4.19 outage: The state of a component or system when it is not available to properly per- 
form its intended function due to some event directly associated with that component or 
system. 


1.4.20 repair time: The repair time of a tailed component or the duration of a failure is the 
clock time from the occurrence of the failure of a component to the time when the component 
is restored to service, either by repair of the failed component or by substitution of a spare 
component for the failed component. (Also called the duration of a failure). It includes time 
for diagnosing the trouble, locating the failed component, waiting for parts, repairing or 
replacing, testing, and restoring the component to service. It is not the time required to restore 
service to a load by putting alternate circuits into operation. The terms “repair time” and 
“forced outage duration” are often used synonymously. 


1.4.21 scheduled outage: An outage that results when a component is deliberately taken out 
of service at a selected time, usually for purposes of construction, maintenance, or repair. 


1.4.22 scheduled outage duration: The period from the initiation of a scheduled outage until 
construction, preventive maintenance, or repair work is completed and the affected compo- 
nent is made available to perform its intended function. 


1.4.23 scheduled outage rate: The mean number of scheduled outages of a component per 
unit exposure time. 


1.4.24 switching time: The period from the time a switching operation is required due to a 
component failure until that switching operation is completed. Switching operations include 
such operations as throwover to an alternate circuit, opening or closing a sectionalizing 
switch or circuit breaker, reclosing a circuit breaker following a trip-out due to a temporary 
fault, etc. 


1.4.25 system: A group of components connected or associated in a fixed configuration to 
perform a specified function of distributing power. 


1.4.26 unavailability: The long-term average fraction of time that a component or system is 
out of service due to failures or scheduled outages. An alternative definition is the steady- 
state probability that a component or system is out of service due to failures or scheduled 
outages. Mathematically, unavailability = (1—availability). 
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Chapter 2 
Planning and design 


2.1 Fundamentals of power system reliability evaluation 
2.1.1 Reliability evaluation fundamentals 


Fundamentals necessary for a quantitative reliability evaluation in electric power systems 
include definitions of basic terms, discussions of useful measures of system reliability and the 
basic data needed to compute these indexes, and a description of the procedure for system 
reliability analysis including computation of quantitative reliability indexes. 


2.1.2 Power system design considerations 


An important aspect of power system design involves consideration of the service reliability 
requirements of loads that are to be supplied and the service reliability that will be provided 
by any proposed system. System reliability assessment and evaluation methods based on 
probability theory that allow the reliability of a proposed system to be assessed quantitatively 
are finding wide application today. Such methods permit consistent, defensible, and unbiased 
assessments of system reliability that are not otherwise possible. 


The quantitative reliability evaluation methods presented here permit reliability indexes for 
any electric power system to be computed from knowledge of the reliability performance of 
the constituent components of the system. Thus, alternative system designs can be studied to 
evaluate the impact on service reliability and cost of changes in component reliability, system 
configuration, protection and switching scheme, or system operating policy including 
maintenance practice. 


2.1.3 Definitions 


Terms previously defined in Chapter 1 are commonly used in the survey of the reliability of 
electric equipment in industrial plants (see IEEE Committee Report [B15])!. Refer to 1.4. 


2.1.4 System reliability indexes 


The basic system reliability indexes (see Billinton and Allen [B2], Dickinson [B8], Endrenyi 
[B9], and Patton and Ayoub [B19]) that have proven most useful and meaningful in power 
distribution system design are 


— Load interruption frequency 


— _ Expected duration of load interruption events 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 2.5. 
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These indexes can be readily computed using the methods that will be described later. The 
two basic indexes (interruption frequency and expected interruption duration) can be used to 
compute other indexes that are also useful: 


— _ Total expected (average) interruption time per year (or other time period) 
— _ System availability or unavailability as measured at the load supply point in question 


— Expected demanded, but unsupplied, energy per year 


It should be noted here that the disruptive effect of power interruptions is often non-linearly 
related to the duration of the interruption. Thus, it is often desirable to compute not only an 
overall interruption frequency but also frequencies of interruptions categorized by the appro- 
priate durations. 


2.1.5 Data needed for system reliability evaluations 


The data needed for quantitative evaluations of system reliability will depend to some extent 
on the nature of the system being studied and the detail of the study. In general, however, it 
requires both data on the performance of individual components together with the times 
required to perform various switching operations. 


System component data that are generally required are summarized as follows: 


— Failure rates (forced outage rates) associated with different modes of component 
failure 


— Expected (average) time to repair or replace failed component 
— Scheduled (maintenance) outage rate of component 


— Expected (average) duration of a scheduled outage event 


If possible, component data should be based on the historical performance of components in 
the same environment as those in the proposed system being studied. The reliability surveys 
conducted by the Power Systems Reliability Subcommittee (see IEEE Committee Reports 
[B15], [B16]) provide a source of component data when such specific data are not available. 
These data have been summarized in Chapter 3. 


The needed switching time data include the following: 


— Expected times to open and close a circuit breaker 
— _ Expected times to open and close a disconnect or throwover switch 
— Expected time to replace a fuse link 


— Expected times to perform such emergency operations as cutting in clear, installing 
jumpers, etc. 
Switching times should be estimated for the system being studied based on experience, engi- 


neering judgment, and anticipated operating practice. 
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2.1.6 Method for system reliability evaluation 


The method for system reliability evaluation recommended and presented here has evolved 
over a number of years (see Billinton and Allen [B2], Billinton and Grover [B3], Dickinson 
[B8], Endrenyi [B9], and Gaver et al., [B11]). The method, called the minimal-cut-set 
method, is believed to be particularly well suited to the study and analysis of electric power 
distribution systems as found in industrial plants and commercial buildings. The method is 
systematic and straightforward and lends itself to either manual or computer computation. An 
important feature of the method is that system weak points can be readily identified, both 
numerically and nonnumerically, thereby focusing design attention on those sections or com- 
ponents of the system that contribute most to service unreliability. See Chapter 8 for a deriva- 
tion of the minimal cut-set-method. 


The procedure for system reliability evaluation is outlined as follows: 


a) Assess the service reliability requirements of the loads and processes that are to be 
supplied and determine the appropriate service interruption definition or definitions. 


b) Perform a failure modes and effects analysis (FMEA) identifying and listing those 
component failures and combinations of component failures that result in service 
interruptions and that constitute minimal cut-sets of the system. 


c) Compute the interruption frequency contribution, the expected interruption duration, 
and the probability of each of the minimal cut-sets of step b). 


d) Combine the results of step c) to produce system reliability indexes. 


These steps will be discussed in more detail in that following subclauses. 


2.1.7 Service interruption definition 


The first step in any electric power system reliability study should be a careful assessment of 
the power supply quality and continuity required by the loads that are to be served. This 
assessment should be summarized and expressed in a service interruption definition, which 
can be used in the succeeding steps of the reliability evaluation procedure. The interruption 
definition specifies, in general, the reduced voltage level (voltage dip or sag) together with the 
minimum duration of such a reduced voltage period that results in substantial degradation or 
complete loss of function of the load or process being served. Frequently reliability studies 
are conducted on a continuity basis, in which case, interruption definitions reduce to a mini- 
mum duration specification with voltage assumed to be zero during the interruption. 


Further discussion of interruption definitions as well as examples of such definitions are 
given in 7.1.2. 


A method for calculating the magnitude of voltage sags is given in Chapter 9. Sags can be 
caused by faults elsewhere on the power system. 
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2.1.8 Failure modes and effects analysis (FMEA) 


The FMEA for power distribution systems amounts to the determination and listing of those 
component outage events or combinations of component outages that result in an interruption 
of service at the load point being studied according to the interruption definition that has been 
adopted. This analysis must be made in consideration of the different types and modes of out- 
ages that components may exhibit and the reaction of the system’s protection scheme to these 
events. 


The primary result of the FMEA as far as quantitative reliability evaluation is concerned is 
the list of minimal cut-sets it produces. The use of the minimal cut-sets in the calculation of 
system reliability indexes is described in Chapter 3 of this book. A minimal cut-set is defined 
to be a set of components that, if removed from the system, results in loss of continuity to the 
load point being investigated and that does not contain as a subset any set of components that 
is itself a cut-set of the system. In the present context, the components in a cut-set are just 
those components whose overlapping outage results in an interruption according to the inter- 
ruption definition adopted. 


An important nonquantitative benefit of the FMEA is the thorough and systematic thought 
process and investigation that it requires. Often weak points in system design will be identi- 
fied before any quantitative reliability indexes are computed. Thus, the FMEA is a useful reli- 
ability design tool even in the absence of the data needed for quantitative evaluation. 


The FMEA and the determination of minimal cut-sets are most efficiently conducted by con- 
sidering first the effects of outages of single components and then the effects of overlapping 
outages of increasing numbers of components. Those cut-sets containing a single component 
are termed first-order cut-sets. Similarly, cut-sets containing two components are termed sec- 
ond-order cut-sets, etc. In theory the FMEA should continue until all the minimal cut-sets of 
the system have been found. In practice, however, the FMEA can be terminated earlier, since 
high-order cut-sets have low probability compared to lower-order cut-sets. A good rule of 
thumb is to determine minimal cut-sets up to order n + 1 where n is the lowest-order minimal 
cut-set of the system. Since most power distribution systems have at least some first-order 
minimal cut-sets, the analysis can usually be terminated after the second-order minimal cut- 
sets have been found. 


2.1.9 Computation of quantitative reliability indexes 
The list of minimal cut-sets obtained from the FMEA is used to compute system reliability 
indexes. Since the occurrence of any cut-set will result in system failure, these cut-sets can be 


regarded as acting in series. The failure frequency and average outage duration can therefore 
be computed using Equations (2-1) and (2-2). 


f,, = System interruption frequency = >: pce (2-1) 


L 


r, = System expected interruption duration = a Fes. Ves. ‘Fs (2-2) 


L 
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where 


Ses, 18 the frequency of cut-set event i; and 


r,s 1s the expected duration of cut-set event i. 


NOTE—These are approximate formulas and should only be used when the various (f os r,) are 
less than 0.01. oe 


It can be seen from Equations (2-1) and (2-2) that, once the frequency and duration of the 
various cut-sets are known, the load point interruption frequency and duration can be easily 
computed. Since the various cut-set events are not mutually exclusive, Equation (2-1) is an 
upper bound on the frequency of system failure. Assuming, however, that the time a compo- 
nent spends on outage is very small compared to the time it is operating satisfactorily, 
Equations (2-1) and (2-2) give results close to the exact values. A later section gives equa- 
tions for computing the frequency and duration for various types of outage events. 


2.1.10 Component failure modes 


Distribution system components, such as lines, transformers, and circuit breakers, are subject 
to a variety of failure modes that, in general, have different impacts on system reliability per- 
formance. For system reliability evaluation purposes, it is useful to categorize system compo- 
nents as switching devices or nonswitching devices. First, consider nonswitching devices 
such as lines or transformers. The important modes of failure are those events that cause the 
component to be unable to fulfill its current-carrying function, generally due to a fault and 
subsequent isolation of the faulted component by a protective device. Such failure modes can 
be modeled in system reliability calculations through the use of permanent forced outage 
rates and transient forced outage rates, where 


X is the permanent forced outage rate of the component = rate of occurrence of forced 
outages in which the component is damaged and cannot be restored to service until 
repair or replacement has been completed; and 


X' _ is the transient forced outage rate of component = rate of occurrence of forced outages 
in which the component is undamaged and can be immediately restored to service. 


NOTE—A forced outage is defined as “an outage (failure) that cannot be deferred.” 


Now consider the failure modes of protection systems and of switching devices, such as cir- 
cuit breakers. In contrast to the components described above whose only function is carrying 
current (a continuously required function), protection systems and switching devices gener- 
ally have both continuously required and response functions. The inability to perform a con- 
tinuously required function, such as current carrying, will immediately impact system 
performance while the inability to perform a response function, such as tripping open on 
command, will be manifested only when the response is required. 
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Some of the more important failure modes of protection systems and switching devices, and 
the parameters used to model these failure modes in reliability calculations are summarized 
as follows: 


2.1.10.1 Continuous functions 


a) Component short circuit resulting in operation of backup protective devices. The 
modeling parameter is 1, which is the rate of occurrence of such short-circuit events. 

b) Switching device opening without the proper command. The modeling parameter is 
Xr which is the rate of occurrence of such events given that the device is closed. 

c) Switching device closing without the proper command. The modeling parameter is 
rc which is the rate of occurrence of such events given that the device is open. 


2.1.10.2 Response functions 


a) Switching device failure to open on command. The modeling parameter is p,, which 
is the probability that the device will not open on command. 

b) Switching device failure to close on command. The modeling parameter is p,, which 
is the probability that the device will not close on command. 

c) Protection system trips incorrectly due to a fault outside of the protection zone. The 
modeling parameter is p,, which is the probability of an incorrect trip, given a fault 
outside the protection zone. 


2.1.11 Expressions for outage events 


Expressions for computing the frequency, f.,, and the expected durations, r.,, of a cut-set 
event are summarized in this subclause. These expressions are generally approximate, but are 
sufficiently accurate for practical calculations in typical situations. The given expressions 
presume that all physically parallel paths in a distribution system are fully redundant; that is, 
it is presumed that any one path of a parallel set is fully capable of carrying the highest load 
that may be experienced. Further, the failure bunching effects of storms and other common- 
mode or common-cause failures are not considered in the given expressions. These issues are 
fully described elsewhere (see Billinton and Allan [B2] and Endrenyi [B9]) and are usually 
not numerically important in industrial and commercial distribution systems whose reliability 
performance is dominated by series components that yield first-order cut-sets. 


2.1.11.1 Forced outages of current-carrying components 


Now the events of cessation of the continuous current-carrying function of any component 
will be considered. The following notations are used: 


Fes 1s the frequency of cut-set event; 


r., is the expected duration of the cut-set event = expected duration of system failure 
event due to occurrence of the cut-set event; 


is the permanent forced outage rate of component i; 


is the transient forced outage rate of component i; 
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r; is the expected repair or replacement time of component 1; and 


t is the time to perform an appropriate switching operation. 
First, consider cut-sets associated with permanent forced outages. 


First-Order (single-component) cut-sets: 
Fes =i (2-3) 
Tes = min (7;, ) = Minimum of 7; or ¢ (2-4) 
Second-Order (dual-component) cut-sets: 
Fes =Mj ij (7; + 7;) (2-5) 
Tes =min (7 7;/ (7; +7), 0 (2-6) 


NOTE—Equations (2-5) and (2-6) are approximate formulas and should only be used when both (A; x 
r;) and (Aj x rj) are less than 0.01. 


Note that the above expressions for f,., are approximate and assume that A is much less than 
1/r. This is usually a reasonable assumption, but exact expressions are given in Chapter 8 and 
should be used if needed. Also note that, particularly in the above expressions for r,,, system 
interruption durations may be determined by component repair or replacement times or by 
the time to restore service to interrupted loads through a switching operation. Thus, r,, is very 
much a function of system topology and switching arrangements. It should also be noted that 
fs for second-order cut-sets may, in certain circumstances, also be a function of switching 
times rather than repair and replacement times. In such cases, the times r; and r; should be 
viewed as the appropriate switching times. 


Next, consider cut-sets associated with transient forced outages or transient forced outage 
events overlapping permanent forced outage events. The likelihood of overlapping transient 
forced outages is considered remote and is not discussed in this book. 


First-Order (single-component) cut-set: 

fes= Mi (2-7) 

Tos = (2-8) 
Second-Order (dual-component) cut-sets: 

fos = ay Mi (2-9) 
cs = (2-10) 


NOTE—Edquation (2-9) is an approximate formula and should only be used when (Aj x 1;) are less than 
0.01. 
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2.1.11.2 Failures of switching devices or protection systems 


Now consider failure events of switching devices or protection systems. The frequency and 
duration of cut-set events associated with the short-circuit failure mode of switching devices 
can be calculated using Equations (2-3) through (2-10) as appropriate. Similarly, if a switch- 
ing device is normally operated closed, the effects of false trip events having a rate of Apr can 
be calculated using the approaches of Equations (2-3) through (2-10). The event of switching 
device closure without proper command is not generally viewed as important from a distribu- 
tion system reliability point of view (though it certainly is important from a safety viewpoint) 
and will not be treated in this book. 


Switching device or protection system failures that render the device or system unable to 
respond properly to some other event may occur at the instant of required action or more 
probably represent undetected prior failures. Such latent failures are only revealed by the 
event calling for the device or system action. It follows, therefore, that response function fail- 
ures of switching devices or protection systems never constitute first-order cut-sets since such 
failures do not in and of themselves result in load interruptions. Expressions for f,., and ro, 
for each of the response function failure modes appear in Equations (2-11) through (2-20). In 
these expressions, A is the rate of occurrence of the event requiring a response. 


Failure to open on command: 


fes= MPs (2-11) 
les = 1 OF f aS appropriate (2-12) 


Failure to close on command: 
fos = Me (2-13) 
les = 1 OF f aS appropriate (2-14) 
Incorrect trip due to fault outside protection zone: 
fes= Mo (2-15) 
Tes = Vr OF f as appropriate (2-16) 
The probabilities p, and p,. are very much influenced by inspection, maintenance, and testing 
policies. This follows, since p, and p, largely reflect undetected prior failures at the time of a 
required response. 
2.1.11.3 Scheduled outage of components 
System interruptions and their related cut-sets will now be considered, which are associated 


with scheduled outages of components. A scheduled outage is defined as “an outage that 
results when a component is deliberately taken out of service at a selected time, usually for 
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purposes of construction, maintenance, or repair.’ The distinction between a forced outage 
and a scheduled outage is the degree to which the outage can be postponed; a forced outage 
cannot be postponed, while a scheduled outage can be postponed, if necessary, to avoid con- 
sumer interruptions. Clearly, a scheduled outage of a component that constitutes a first-order 
cut-set will result in a consumer interruption regardless of the degree to which it can be post- 
poned. However, the timing of such an outage is entirely controllable and can, therefore, be 
taken at times of minimum inconvenience and with forewarning. Therefore, such interrup- 
tions may not have the same impact as interruptions that occur at a random time and without 
warning. The frequency and duration of first-order cut-sets associated with scheduled outages 
are 


fos= A" (2-17) 
pact (2-18) 


where A"; and r"; are the scheduled outage rate and average scheduled outage duration of the 
ith component. 


In systems possessing redundant supply paths, consumer interruption should never occur due 
to overlapping scheduled outages of components. However, a component forced outage may 
overlap a preexisting component scheduled outage, thereby producing a consumer interrup- 
tion and a second-order cut-set. The frequency and duration of a cut-set in which a forced 
outage of component j overlaps a scheduled outage of component i are given as follows: 


fes= MMI; (2-19) 
r", rj j . , . es 
os’ tan or f aS appropriate : 
r gab ri 


Again, the assumption is that A is much greater than I/r. 
2.1.12 Example 


A simple example will now be used to illustrate the application of the reliability evaluation 
concepts that have been presented to the evaluation of alternative system protection and sec- 
tionalizing schemes. The alternative cases to be studied are shown in Figures 2-1, 2-2, and 2- 
3. More detailed examples using typical data are given in Chapter 7. In these examples, only 
the labeled line sections and circuit breakers or switches are considered fallible. Furthermore, 
in the interest of simplifying the example, scheduled outages and transient forced outages of 
components are not considered. Assumed numerical data for the example systems is shown in 
Table 2-1. In every case, the reliability performance indexes desired are the interruption rate 
and expected duration that would be experienced by a load served from line section L). 


Here an interruption is defined to be “the loss of continuity from the source to the load point 
for a time longer than that required for an automatic or remotely controlled switching 
operation.” 
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Table 2-1—Data for example systems 


Line sections 
0.20/yr 
3h 


Breakers and switches 


nr 
Aer 


0.01/yr 
0.003/yr 
0.001 
0.01 

Sh 


Ps 


Po 
r 


Switching times 
t, = Normal manual switching time = 0.5 h 


tp = Time to isolate breaker or switch or to repair noncatastrophic failure = 1 h 


The analysis of each system is shown in the tables within Figures 2-1, 2-2, and 2-3 (Cases 1, 
2, and 3). In the analysis, it is assumed that breakers are operated automatically or remotely, 
while switches are operated manually. The results of the analyses are in agreement with intu- 
ition: 


—  Sectionalizing circuits with noninterrupting devices reduces average interruption 
duration but has a minimal effect on the interruption rate. 


—  Sectionalizing circuits with fault-interrupting devices cuts the interruption rate. 


Note, however, that the average interruption duration of Case 3 is close to that of Case | and 
higher than that of Case 2. This points out that f, and r, may not move in the same direction 
as changes are made in the protection scheme, and that the indexes f, and r, should be viewed 
as a complementary pair in reliability analysis. 


2.1.13 Incomplete redundancy 


A common method of improving the reliability performance of a system is through compo- 
nent redundancy, for example, more than one transformer in a substation. Typically, each 
component of the redundant set has sufficient capacity, perhaps based on an emergency rat- 
ing, to carry the peak load that the system may be asked to deliver. Such full redundancy is 
effective in improving system reliability performance but is usually quite expensive. If the 
load of the system is variable, the opportunity exists to cut costs by reducing the capacity of 
redundant components to levels less than that required to carry system peak load and where 
they would thereby suffer an overload. An overload might result in an actual interruption of 
load or perhaps only some loss of life in the overloaded component, depending on the protec- 
tion scheme in service. 
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B14 L1 L2 


SOURCE 
S1 


Bo L3 L4 
Cut-Set (1) (2) 
Frequency Duration (1) x (2) 
(failures/yr) (h/failure) 
Line Failures 
L; X= 0.20 r=3 0.20 x 3 
L> X= 0.20 r=3 0.20 x 3 
Breaker/Switch Failures 
Type 1: By rX=0.01 tp=l 0.01 x 1 
Type 1: By X=0.01 tR=1 0.01 x 1 
Type 1: S; X= 0.01 ta = 0.01 x 1 
Type 2: By Agr = 0.003 tR= 0.003 x 1 
¥ = 0.433 ¥ = 1.233 


where 
f, = 0.433 interruptions/yr 
r, = 1.233/0.433 = 2.85 h/interruption 


Figure 2-1—Example system—no line sectionalizing 


A method exists (see Ayoub and Patton [B1] and Christiaanse [B6]) for computing the 
frequency, average duration, and probability of overload outage events as a function of 
component capacities and load characteristics. This method, which is compatible with the 
general reliability evaluation procedure outlined earlier, can be used to evaluate the cost/reli- 
ability tradeoffs of incomplete redundancy. The method is briefly presented hereafter. 


Consider a system possessing incomplete redundancy, and consider the forced outage of 
some set i of the components of this system. Let the frequency and probability of this forced 
outage event be f; and P;. Then the frequency, probability, and average duration of overload- 
ing events that are precipitated by loss of the components in set i are given approximately by 
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By Li So (|2 


SOURCE NC 


S14 
NO 
y | 
Ss 
Bo ols 8 La 
Cut-Set (1) (2) 
Frequency Duration (1) x (2) 
(failures/yr) (h/failure) 
Line Failures 
L; X= 0.20 r=3 0.20 x 3 
Ly X= 0.20 r=0.5 0.20 x 0.5 
Breaker/Switch Failures 
Type 1: By X=0.01 tR=l 0.01 x 1 
Type 1: By X=0.01 tp=l1 0.01 x 1 
Type 1: S; r=0.01 tp=l 0.01 x 1 
Type 1: S5 X=0.01 tR= 0.01 x 1 
Type 2: By Agr = 0.003 tR= 0.003 x 1 
Type 4: B tp= 0.00041 x 1 
yP 2 Ps(Ap, + Ap, + As.) 5 
= 0.0041 
Y = 0.44341 ¥Y = 0.74341 
where 


f, = 0.44341 interruptions/yr 
r, = 0.74341/0.43341 = 1.68 h/interruption 


Figure 2-2—Example system—line sectionalized with switches 


for, = xX P (oad 2 capacity of remaining components) 
+P; x f (load = capacity of remaining components) 


Por, = P; xP (load 2 capacity of remaining components) 


= Po, /fou, 
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Cut-Set 


Line Failures 
L; 
Ly 


Breaker/Switch Failures 


Type 1: B, 
Type 1: By 
Type 1: B; 
Type 2: B; 


Type 4: B; 


Type 4: B> 


Type 6: By 


where 


f= 0.23552 interruptions/yr 


SOURCE 


Bo L3 


(1) 
Frequency 
(failures/yr) 


X= 0.20 
X= 0.20 


A=0.01 
A=0.01 
A=0.01 
Agr = 0.003 
ps(Ay, + Ap.) = 0.00021 
pz, + Ap,) = 0.00021 


Po(Az, + Ap.) = 0.0021 


X= 0.23552 


r, = 0.63552/0.433 = 2.70 h/interruption 


B3 


Bq 


(2) 


Duration 
(h/failure) 


IEEE 
Std 493-1997 


(1) x 2) 


0.20 x 3 
0.20 x 0.5 


0.01 x 1 
0.01 x 1 
0.01 x 1 
0.003 x 1 


0.00021 x 1 


0.00021 x 1 


0.0021 x 1 


Y = 0.63552 


Figure 2-3—Example system—lines sectionalized with circuit breakers 
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In the above expressions, P (load = X) is called the load-duration characteristic and is simply 
the probability or proportion of time that the load is greater than or equal to X. A typical load- 
duration characteristic for a utility load is shown in Figure 2-4. Similary, f (load = X) is called 
the “load-frequency characteristic” and is the rate with which events (load = X) occur. A typi- 
cal load-frequency characteristic is shown in Figure 2-5. The reader is referred to (Ayoub and 
Patton [B1]) for additional discussion of the load-duration and _ load-frequency 
characteristics. 


PROBABILITY (LOAD X) 


oO 0.1 02 03 04 05 06 07 08 09 1.0 
PER UNIT LOAD 


Figure 2-4—Typical load-duration characteristic 


2.2 Costs of interruptions—economic evaluation of reliability 
2.2.1 Cost of interruptions vs. capital cost 


The type and extent of new or rehabilitated electric systems for industrial plants or commer- 
cial buildings must carefully balance the costs of anticipated interruptions to electrical ser- 
vice against the capital costs of the systems involved. Each instance requires a separate 
analysis taking into account special production and occupancy needs. Because of the many 
variables involved, one of the most difficult items to obtain is the cost of the electrical 
interruptions. 


2.2.1.1 What is an interruption? 
Economic evaluation of reliability begins with the establishment of an interruption definition. 


Such a definition specifies the magnitude of the voltage sag and the minimum duration of 
such a reduced-voltage that result in a loss of production or other function for the plant, 
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Figure 2-5—Typical load-frequency characteristic 


process, or building in question. Frequently, interruption definitions are given only in terms 
of a minimum duration and assume that the voltage is zero during that period. 


IEEE surveys (see IEEE Committee Reports [B15], [B16], and Patton [B20]) have revealed a 
wide variation in the minimum or critical service loss duration. Table 2-2 summarizes results 
for industrial plants, and Table 2-3 gives results for commercial buildings. It is clear from 
these tables that careful attention must be paid to choosing the proper interruption definition 
in any specific reliability evaluation. 


Table 2-2—Critical service loss duration for industrial plants®* 
(Maximum length of time an interruption of electrical service that will not stop plant production.) 


Average plant outage time 
25th percentile 75th percentile for equipment failure between 
1- and 10-cycle duration 


“Fifty-five plants in the United States and Canada reporting; all industry. 


Another important consideration in the economic evaluation of reliability is the time required 
to restart a plant or process following a power interruption. An IEEE survey (see IEEE Com- 
mittee Report [B15] and Table 2-4) indicates that industrial plant restart time following a 
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Table 2-3—Critical service loss duration for commercial buildings® 
(Maximum length of time before an interruption to electrical service is considered critical.) 


Service loss duration time 


2 cycles 8 cycles 


(%) (%) 


6 9 


“Fifty-four buildings reporting; percentage of buildings with critical service loss for duration less than 
or equal to time indicated. 


Table 2-4—Plant restart time® 
(After service is restored following a failure that has caused a complete plant shutdown.) 


Average 


(h) 


17.4 


“Forty-three plants in the United States and Canada reporting: all industry. 


complete plant shut-down due to a power interruption averages 17.4 h. The median plant 
restart time was found to be 4.0 h. Clearly, specific data on plant or process restart time 
should be used if possible in any particular evaluation. 


Many industrial plants reported that 1 to 10 cycles were considered critical interruption time, 
as compared to 1.39 h, required for startup (plant outage time being considered equal to plant 
startup time). This indicates that the critical factor must be carefully explored prior to assign- 
ing a cost to the interruption. That 15% of the commercial buildings reported the critical 
service loss duration time to be | s or less can probably be attributed to the fact that computer 
installations were involved. 


Further data from IEEE Committee Report [B15] graphically illustrates the time required to 
start an industrial plant after an interruption. 


The first step of the cost analysis thus becomes the selection of the critical duration time of 


the outage and the plant startup time, including equipment repair or replacement time 
required because of the interruption. 


2.2.1.2 Cost of an electrical service interruption 


With the establishment of expected downtime per interruption, costs are assigned to all indi- 
vidual items involved, including but not limited to 
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— Value of lost production time less expenses saved (expected restart time is used along 
with the repair or replacement time) 

— Damaged plant equipment 

— _ Spoiled or off-specification product 

— Extra maintenance costs 

— Cost for repair of failed component 


If possible, the cost for each interruption of service should be expressed in dollars for a short 
interruption plus an amount of dollars per hour for the total outage time in order to utilize the 
reliability data and analysis presented. 


2.2.1.3 Economic evaluation of reliability 


There are many methods of varying degrees of complexity for accomplishing economic eval- 
uations. For quick order of magnitude or Is it worth further investigation? types of evalua- 
tions, cost data from IEEE Committee Report [B15] and Patton [B20] can be used. Caution 
must be exercised, however, since these data are very general in nature, and wide variations 
are possible in individual cases. Some of the more commonly accepted methods for economic 
analyses are 


— Revenue requirements (RR) 
— Return on investment (ROT) 
— Life cycle costing (LCC) 


It is not the intent to stipulate here the method to be used nor the depth to which each analysis 
is to be made. These are considered to be the prerogative of the engineer and will depend 
heavily on management choice and the time available for the analysis. The RR method is 
given in this chapter as an example. 


2.2.2 “Order of magnitude” cost of interruptions 


IEEE surveys (see Dickinson [B8], IEEE Committee Report [B14], and Patton [B20]) 
presented general data on the cost of interruptions to industrial plants and commercial 
buildings in the United States and Canada. Additional cost of interruption data is presented in 
various IEEE-IAS and IEEE-PES publications. Recent data collected by a US. electric utility 
is given in (Sullivan [B23]). Other data are listed in Billinton and Wacker [B4], Billinton 
et al., [B5], Goushleff [B12], and Koval and Billinton [B18] and are primarily for areas in the 
middle of Canada and the Province of Ontario. The reader is again cautioned that such 
general data should be used only for “order of magnitude” evaluations where data specific to 
the system being studied is not available. A review of the reliability data can probably best be 
used in selecting the type of utility company service that should be provided. 


The costs based on the kilowatts interrupted and the kilowatts-hours not delivered to indus- 
trial plants are presented in Tables 2-5 and 2-6. 


Interruption costs based on kilowatts-hours not delivered and reflecting the relationship to 
duration of interruptions for commercial buildings are presented in the Tables 2-7 and 2-8. 
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Table 2-5—Average cost of power interruptions for industrial plants® 


All plants $6.43/kW + $9.11/kWh 


Plants > 1000 kW max demand $3.57/KW + $3.20/kWh 


Plants < 1000 kW max demand $15.61 / kW + $27.57/kWh 


“Forty-one plants in the United States and Canada reporting (published in 1973, with costs updated 
to July 1996). 


Table 2-6—Median cost of power interruptions for industrial plants? 


All plants $2.35/KkW + $2.82/kWh 


Plants > 1000 kW max demand $1.09/KW + $1.22/kWh 


Plants < 1000 kW max demand $12.51/kW + $15.03/kWh 


“Forty-one plants in the United States and Canada reporting (published in 1973, with costs updated 
to July 1996). 


Table 2-7—Average cost of power interruptions for commercial buildings 


All commercial buildings* $21.77/kWh not delivered 


Office buildings only $26.76/kWh not delivered 


“Fifty-four buildings in the United States reporting (published in 1975, with costs updated to July 
1996). 


Table 2-8—Cost of power interruptions as a function of duration for office 
buildings (with computers)® 


Cost/Peak kWh not delivered 


Power interruptions Sample size 
Maximum Minimum Average 


15 min duration $67.10 


1 h duration $75.29 


Duration > 1h $204.33 


*Published in 1975 with costs updated to July 1996. 
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Interruption costs as they are related to interruption time from Table 2-7 and from (Koval and 
Billinton [B18]) are graphically represented in Figure 2-6. Small industrials are considered to 
be those with a maximum demand of less than 1000 kW and large industrials are considered 
to be those with a demand of 1000 kW or more. 
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INTERRUPTION DURATION IN MINUTES 


Figure 2-6—Cost of interruptions versus duration (adjusted to July 1996 value) 


2.2.3 Economic analysis of reliability in electrical systems 


There are several acceptable methods for accomplishing an economic analysis of the reliabil- 
ity in electric systems. The examples of reliability analysis included in this chapter and 
Chapter 7 utilize the RR method. The application of this method as it applied to the analyses 
of the reliability in industrial plant electrical systems was presented in part 6 of Dickinson 
[B8]. Applicable excerpts from that reference are included herein. 


2.2.3.1 The RR method 


Although there are many ways in use to compare alternatives, some of these have defects and 
weaknesses, especially when comparing design alternatives in contrast to overall projects. 
The RR method is “mathematically rigorous and quantitatively correct to the extent permitted 
by accuracy with which items of cost can be forecast” (see Dickinson [B8] and Jeynes and 
Van Nemwegen [B17]). 
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The essence of the RR method is that for each alternative plan being considered, the mini- 
mum revenue requirements (MRR) are determined. This reveals the amount of product 
needed to be sold to achieve minimum acceptable earnings on the investment involved plus 
all expenses associated with that investment. These minimum revenue requirements for 
alternative plans may be compared directly. The plan having the lowest MRR is the economic 
choice. 


MRR are made up of and equal to the summation of 


a) Variable operating expenses 
b) Minimum acceptable earnings 
c) Depreciation 

d) Income taxes 

e) Fixed operating expenses 


These MRR may be separated into two main parts, one proportional and the other not propor- 
tional to investment in the alternative. This may be expressed in an equation 


G=xX+CF (2-21) 
where 

G is the MRR to achieve minimum acceptable earnings; 

X _ is the nonfixed or variable operating expenses; 

C is the capital investment; and 

F is the fixed investment charge factor. 


The last term in Equation (2-21), the product of C and F includes the items b), c), d), and e) 
listed in the preceding paragraph. Equation (2-21) is now discussed. 


X (variable expenses)—The effect of the failure of a component is to cause an increase in 
variable expenses. How serious this increase is depends to a great extent on the location of the 
component in the system and on the type of power distribution system employed. The quality 
of a component as installed can have a significant effect on the number of failures experi- 
enced. A poor quality component installed with poor workmanship and with poor application 
engineering may greatly increase the number of failures that occur as compared with a high 
quality component installed with excellent workmanship and sound application engineering. 


When a failure does occur, variable expenses are increased in two ways. In the first way, the 
increase is the result of the failure itself. In the second way, the increase is proportional to the 
duration of the failure. 
Considering the first way, the increased expense due to the failure includes the following: 

— Damaged plant equipment 


— _ Spoiled or off-specification product 
— Extra maintenance costs 
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— Costs for repair of the failed component 


Considering the second way, plant downtime resulting from failures is made up of the time 
required to restart the plant, if necessary, plus the time to 


— Effect repairs, if it is a radial system, or 
— Effect a transfer from the source on which the failure occurred to an energized source 


During plant downtime, production is lost. This lost production is not available for sale, so 
revenues are lost. However, during plant downtime, some expenses may be saved, such as 
expenses for material, labor, power, and fuel costs. Therefore, the value of the lost production 
is the revenues lost because production stopped less the expenses saved. Some of the variable 
expenses may vary depending on the duration of plant downtime. For example, if plant down- 
time is only 1 h, perhaps no labor costs are saved. But, if plant downtime exceeds 8 h, labor 
costs may be saved. 


If it is assumed that the value/hour of variable expenses does not vary with the duration of 
plant downtime, then the value of lost production can be expressed on a per hour basis, and 
the total value of lost production is the product of plant downtime in hours and the value of 
lost production per hour. 


It should be noted that both the value of lost production and expenses incurred are propor- 
tional to the failure rate. The total effect on variable expenses, if the value of lost production 
is a constant on a per hourly basis, may be expressed in an equation 


X= [xj + (gp—xp) (r+5)] (2-22) 
where 

X is the variable expenses ($ per year); 

is the failures per year or failure rate; 


x; is the extra expenses incurred per failure ($ per failure); 

8, _ 1s the revenues lost per hour of plant downtime ($ per hour); 

Xp is the variable expenses saved per hour of plant downtime ($ per hour); 

r is the repair or replacement time after a failure (or transfer time if not radial system); 


in hours; and 
Ss is the plant startup time after a failure, in hours. 


Assume that 


A is the 0.1 failure per year; 
x; is the $55 000 per failure, extra expenses incurred; 


8, _ is the $22 000 per hour, revenues lost; 
is the $16 000 per hour, expenses saved; 


is the 10 h per failure; and 
Ss is the 20 h per failure. 
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Then, variable expenses affected would be 
X  =(0.1)[$55 000 + ($22 000 — $16 000)(10 + 20)] = $23 500 per year 


The term g,, represents revenues lost and it is not really an expense. However, it is a negative 
revenue, and as such, has the same effect on the economics as a positive expense item. It is 
convenient to treat it as though it were an expense. 


A failure rate of 0.1 failure per year is equivalent to a mean time between failures of 10 years. 
These results can be expected since this is probability, but in a specific case, there might be 
two failures in one 10-year period and no failures in another 10-year period. But considering 
many similar cases, it is expected to have an average of 0.1 failure per year, with each failure 
costing an average of $235 000. This gives an equal average amount per year in the above 
example of $23 500. 


The point is that even though the actual failures cost $235 000 each and occur once every 10 
years, a given failure is just as likely to occur in any of the 10 years. The equivalent equal 
annual amount of $23 500 per year is the average value of one failure in 10 years. 


C (Investment)—Each different alternative in an industrial plant power distribution system 
involves different investments. The system requiring the least investment will usually be 
some form of radial system. By varying the type of construction and the quality of the com- 
ponents in the system, the investment in radial systems can vary widely. 


The best method is to find one total investment in each alternative plan. Another common 
method is to find the incremental investment in all alternatives over a base or least expensive 
plan. The main reason that the total investment method is preferable, is that in comparing 
alternatives, the investment is multiplied by an F factor (which will be explained later). This 
factor is usually the same for alternative plans of the sort being considered here, but this is not 
necessarily the case. 


Using the incremental investment may thus introduce a slight error into the economic com- 
parisons. 


F (Investment Charge Factor)—This discussion of investment charge factor is taken from 
Dickinson [B8]. 


The factor F includes the following items, which are constant in relation to the investment: 


a) Minimum acceptable rate of return on investment, allowing for risk 
b) Income taxes 
c) Depreciation 


d) Fixed expenses 
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(2-23) 


(2-24) 


where 
a, 18 R+d,, amortization factor or leveling factor; 
d, is R/(S,—-1), sinking fund factor; 
S, is the (1 + R)”, growth factor or future value factor; 
n is the period of years, such as c or L; 
c is the years prior to startup that an investment is made; 
L is the life of investment years; 
R___ is the minimum acceptable earnings per $ of C (investment); 
f, is the probability of success or risk adjustment factor; 
t is the income taxes per $ of C (investment); 
d, _ is the income tax depreciation, levelized per $ of C (investment) = 1/L, . d 
e is the fixed expenses per $ of C (investment); 
r is the levelized return on investment per $ of C (investment); 
d__ is the levelized depreciation on investment per $ of C (investment); and 
t is the levelized income taxes on investment per $ of C (investment). 
Assume 
L to be twenty years, life of the investment; 
c to be one year; 
R_ to be 0.15, minimum acceptable rate of return; 
f, to be 1, risk adjustment factor; 
t to be 0.5, income tax rate; 
d, tobe 1/L=0.05; and 
e to be 0.0825. 
then 
S. is (1 + R)° =(1 + 0.15)! = 1.15; 
Sp is(1+R)E=(1 + 0.15)” = 16.37; 
d, is R/(S,- 1) = 0.15/(16.37 — 1) = 0.0.0098; and 
a, isR+d,=0.15 + 0.0098 = 0.1598. 
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Substituting into Equation 2-23 to calculate the F factor, results in 


(1-15)(0-1598) _ (9.55¢0,05) 


All the assumed values are believed to be typical for the average electric distribution system, 
except the value of e = 0.0825. This latter value was arbitrarily assumed to make R round out 
to 0.4. The term e covers such items as insurance, property taxes, and fixed maintenance 
costs. A typical value is probably less than 0.0825. 


It is believed that a typical value for minimum acceptable return on investment in many 
industrial plants is 15%, that is, R = 0.15. The company average rate of return, based on either 
past history or anticipated results, is a measure of what R should be. In plants of higher risk 
than the average, the risk adjustment factor, f,, should probably be less than 1. However, 
company management determines what the value of R should be. 


The value of F can be calculated from Equation (2-23). In (Dickinson [B7]), tabular values 
are given for the factors S,, and a, for various rates of return and plant lives. 


2.2.3.2 Steps for economic comparisons 


a) Prepare single-line diagrams of alternative plans and assign failure rates, repair times, 
and investment in each component, and determine the total investment C in each 
plan. 


b) Determine X, the increased variable expense for each plan as the sum of the value of 
lost production and the extra variable expenses incurred. 


c) Determine F, the fixed investment charge factor F from Equation (2-23). 


d) Calculate G=X-+ CF, the minimum revenue requirements G of each plan from Equa- 
tion (2-21). 


e) Select as the economic choice the plan having the lowest value of G. 


2.2.3.3 Conclusions 


A technique has been presented for the economic evaluation of power system reliability. The 
method of determining the failure rates and repair times of different alternatives is not 
covered here. Additional information relative to the RR method is included in (Jeynes and 
Van Nemwegen [B17]). 


2.2.4 Examples 


Examples of electric systems with varying degrees of reliability (availability), together with 
fixed and variable costs are given in Chapter 7. 
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2.2.5 Worth of improved reliability in electrical components 


All of the data and examples presented in this chapter utilize failure rates and average repair 
time data for standard electrical components. Unfortunately, industry and commercial stan- 
dards for recording failure history are very unsophisticated and do not allow differentiation 
between various grades of equipment or between different manufacturers. 


2.2.6 Maintenance costs of electrical components 


This book does not contain much data on the maintenance costs of electrical components. 
However, (Heising et al., [B13]), which is included as Appendix J, contains maintenance 
costs for high-voltage circuit breakers above 63 kV. These studies were made by a working 
group in CIGRE (International Conference on Large Voltage Electric Systems), which is a 
technical arm of the International Electrotechnical Commission (IEC). In addition, this 
CIGRE working group has made a worldwide survey that collected and published all of the 
necessary reliability data and maintenance cost data that are needed in order to make studies 
on the worth of improved reliability and reduced maintenance costs of high-voltage circuit 
breakers. A summary of this data is given in Heising et al., [B13]. 


2.3 Cost of scheduled electrical preventive maintenance 


In the economic evaluation of reliability, it is always appropriate to consider the costs of 
scheduled electrical preventive maintenance. Sometimes these costs are large enough to make 
it desirable to analyze them separately when comparing alternative designs of industrial 
power systems. The RR method described in 2.2.3.1 includes a term called the “investment 
charge factor (F),” which is given by Equation (2-23) in 2.2.3.1 and includes e (the fixed 
yearly expenses) as a percentage of the capital investment. Both F and e are attributed to 
scheduled electrical preventive maintenance, insurance, property taxes, etc. Since the yearly 
average costs for scheduled electrical preventive maintenance may not be the same percent- 
age of investment for every component within the industrial power system, a separate, more 
detailed look is often taken at these costs for each component. 


Scheduled electrical preventive maintenance has two major cost elements: labor effort and 
spare parts consumed. These costs are often expressed on an average yearly basis so as to be 
usable with the RR method when an economic evaluation is made. These data are needed for 
each different type of component used in the industrial power system and can be compiled for 
each component as follows: 


a) Labor costs in manhours per component per year 
b) Cost of spare parts consumed in dollars per component per year 
c) Labor rate in dollars per manhour 


If, for example, a component is only maintained once every three years, then its maintenance 
costs should be divided by three in order to determine the average yearly maintenance cost. 
The labor rate used probably should only include the overhead costs associated with the stor- 
age of spare parts, direct supervision of the maintenance, and costs for necessary test equip- 
ment. The labor costs in dollars per component per year can be calculated by multiplying 
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items a) and c) together; the result can then be added to item b) to get the total average yearly 
costs that are attributable to scheduled electrical preventive maintenance. 


Data thus collected can become obsolete at a later date due to inflation, which can result in 
changing the labor rate used and also the average yearly cost of spare parts consumed. But the 
data for labor in manhours per component per year does not become obsolete due to inflation. 
Some engineers have chosen to use their labor rate to convert their average yearly cost data 
for spare parts consumed into average yearly “equivalent manhours” data. This is then added 
to the labor manhours data to get total equivalent manhours per component per year that 
includes both the labor cost and the cost of spare parts consumed. The use of equivalent man- 
hours for cost data instead of dollars has two advantages: 


— The equivalent manhours data do not become obsolete due to inflation. 


— The equivalent manhours data can be considered an international currency. The data 
are not affected by changing exchange rates between the currencies or different coun- 
tries. This enables the cost data to be compared with studies from other countries. 


Component data on the cost of scheduled electrical preventive maintenance are not included 
in this book except for the data on high-voltage circuit breakers above 63 kV collected by a 
CIGRE working group (see Heising, et al., [B13]), which is included in this book as Appen- 
dix J. It would be desirable to have such data for all of the electrical equipment categories 
listed in Table 3-9. It would then be possible to consider the cost of scheduled electrical pre- 
ventive maintenance in design decisions of the industrial power system by adding this into 
the MRR method. 


2.4 Effect of scheduled electrical preventive maintenance on failure 
rate 


One of the important total operating cost decisions made by the management of an industrial 
plant is how much money to spend for scheduled electrical preventive maintenance. The 
amount of maintenance performed on a component can affect its failure rate. Very little quan- 
titative data have been collected and published on this subject. Yet this is an important factor 
when attempting to study the total owning costs of a complete power system. If maintenance 
effort is reduced the maintenance costs go down. This may increase the failure rate of the 
components in the power system and raise the costs associated with failures. There is an opti- 
mum amount of maintenance for minimum total owning cost of a complete power system. 


The subject of electrical preventive maintenance is discussed in Chapter 5. Some data are 
shown in Tables 5-1 and 5-2 on the effect of the frequency and quality of scheduled electrical 
preventive maintenance. These data have been used to calculate the effect of maintenance 
quality on the failure rate of transformers, circuit breakers, and motors shown in Table 5-3. 
Unfortunately the data do not relate the amount or cost of component maintenance to the fail- 
ure rate. 
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The effect of the cost of component scheduled electrical preventive maintenance on the fail- 
ure rate has not been included in this book. More industry studies and published data are 
needed on this subject, like the example described next. 


2.4.1 Example 


A paper containing quantitative data and an analysis of optimum maintenance intervals has 
been published (see Sheliga [B22]). This work was based upon 10 000 failures collected at 
the author’s company over a period of seven years for 23 categories of electrical equipment. 
Included in this paper was a description of just what failures could be prevented by mainte- 
nance. Actual data were used to determine how this failure rate varied with the maintenance 
interval. The optimum maintenance interval was then determined based upon the mainte- 
nance cost and the cost of failures/power outages. Failures that could be prevented by diag- 
nostic testing were then studied in a similar manner to those that could be prevented by 
maintenance. The optimum diagnostic interval was then calculated for 15 equipment cate- 
gories based upon the cost of diagnostic testing and the cost of failures/power outages. 


It was reported that 25% of the failures could have been prevented by maintenance, and addi- 
tional failures could have been prevented by diagnostic testing. 
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Chapter 3 
Summary of equipment reliability data 


3.1 Introduction 


This chapter summarizes the reliability data collected from equipment reliability surveys over 
a period of 35 years. The chapter is divided into two parts, consisting of equipment surveys 
conducted between 1976 and 1989 (Part 1) and equipment surveys conducted prior to 1976 
(Part 2). Detailed reports on the surveys are given in the appendixes and references. The 
results of these surveys are discussed and compared. Detailed information contained in the 
other chapters of this book and pertinent to equipment reliability data is referenced in this 
chapter. Detailed lists of references on equipment reliability are presented in the appendixes 
and at the end of this chapter. 


A knowledge of the reliability of electrical equipment is an important consideration in the 
design and operation of industrial and commercial power distribution systems. The failure 
characteristics of individual pieces of electrical equipment (i.e., components) can be partially 
described by the following basic reliability statistics: 


a) Failure rate, often expressed as failures per year per component (failures per unit- 
year); 

b) Downtime to repair or replace a component after it has failed in service, expressed in 
hours (or minutes) per failure; and 

c) Insome special cases, probability of starting (or operating) is used. 


Reliability data on the pertinent factors (e.g., cause and type of failures, maintenance 
procedures, repair method, etc.) is also required to practically characterize the performance 
of electrical equipment in service. (Refer to Appendixes A and B.) 


The reliability performance of industrial and commercial electrical power distribution 
systems (e.g., economic operation, frequency and duration of equipment and system outages, 
etc.) can be estimated from a knowledge of the reliability data of individual electrical parts 
(i.e., components) that are interconnected to form an operating system. The analytical models 
required for estimating the reliability of various power system configurations are presented in 
Chapters 2 and 8. Based on the results of these analytical models, the cost of interruptions can 
be estimated and used in the reliability cost/reliability worth methodology presented in 
Chapter 7 and Appendix C. The cost of power interruptions to industrial plants and commer- 
cial buildings is summarized in Chapter 2. 


Electrical equipment reliability data is normally obtained from field surveys of individual 
industrial and commercial equipment failure reports. The reason for conducting a survey is to 
provide answers to critical questions pertaining to the failure characteristics of electrical 
equipment in industrial and commercial installations. 


Each survey has a defined objective of obtaining field data on electrical equipment failure 
characteristics, and this determines the form of the questionnaires that are sent to various 
respondents. 
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An analysis of the survey returns may or may not provide answers to all the questions posed 
in the questionnaire. The significance of the surveyed data obtained is dependent upon many 
factors, for example, the number of equipment failures reported, their operating history, the 
survey questionnaire, etc. There will undoubtedly be new questions raised and also some old 
questions and controversies left unresolved. Items found to be of little significance will be 
omitted and the survey form simplified to maximize the response for the next survey. The 
procedure for conducting the survey is given in Appendix F. Information on the determination 
and analysis of reliability studies is presented in IEEE Std 500-1984 [B1].! 


The IEEE Industry Applications Society (IAS) has a continuing program to conduct surveys 
on the reliability of electrical equipment in industrial and commercial installations (see 
Dickinson [B7], IEEE Committee Reports [B12]—[B16], and O’Donnell [B18], [B19]). The 
most significant results from these surveys are then summarized for inclusion in a future 
revision of this standard. 


As in previous survey reports, this chapter maintains the standard for credibility of failure 
rates by identifying categories that contain an insufficient number of failures. If there were 
less than eight failures, a footnote indicates a small sample size. It is believed that a minimum 
of eight field failures is necessary to have a reasonable chance of estimating the failure rate or 
the average downtime per failure to within a factor of two (see Appendix A, Part 1 for 
details). Both the average downtime per failure data and median downtime per failure data 
are given so that the effect of a few very long outages on the average downtime can be 
indicated by a large difference between the average and median values. 


An equipment reliability reference guide is shown in Table 3-1. For each electrical compo- 
nent presented in this chapter, the tables and appendixes that contain reliability data pertinent 
to that component are presented. Table 3-2 contains a summary of the failure rate and average 
and median downtime per failure data for all electrical equipment surveyed. These values are 
suggested for use in the absence of better data being available from the reader’s own 
experience. 


3.2 Part 1: Most recent equipment reliability surveys (1976-1989) 
3.2.1 1979 switchgear bus reliability data 


The reliability of switchgear bus in industrial and commercial applications was investigated 
in a 1979 survey (see IEEE Committee Report [B14] and Appendix E) and the summarized 
failure rate and median outage duration time for the various subcategories of equipment are 
shown in Table 3-3. In this survey, the term “units” for a bus is defined as the total number of 
connected circuit breakers and connected switches. In the previous survey of 1974, the term 
“units” included the total number of connected circuit breakers or instrument transformer 
compartments. The total number of plants in the 1979 survey response was considerably 
greater than the 1974 survey; however the unit-year sample size was slightly less. 


'The numbers in brackets preceded by the letter B corresponds to those of the bibliography in 3.4. 
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Table 3-1—Equipment reliability reference guide 


Electrical 
equipment 


> 50 hp 


Reference tables in Chapter 3 


Part 1 Part 2 


Surveys Surveys 
1976-1989 prior to 1976 


Motors > 200 hp 


> 250 hp 
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Appendixes 


Motor starters 


Generators 


Trans- 


formers 


Rectifier 


Circuit breakers 


A, B,J, K, P 


Disconnect switches 


A,B 


Bus duct 


A,B 


Bus 
Switch- | insulated 


gear 


Bus bare 


Open wire 


Cable 


Cable joints 


Cable terminations 


Transmission lines 
230 kV and above 


Electric utility 
power supplies 
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Table 3-2—Summary of optional failure rate and average and median 
downtime per failure for all electrical equipment surveyed 


Actual hours of 


ce downtime per failure 
Equipment Equipment subclass (failures Median 
per unit- | Industry isnk 
year) average P 
average 
Transformers Liquid filled—All 0.0062 356.1° — 
300-10 000 kVA 0.0059 297.48 — 
10 000+ kVA 0.0153 1178.5* — 
Rectifier transformers | Liquid filled 
300-10000 kVA 0.0153 1664.0% — 
Motors > 200 hp? Induction 
0-1000V 0.0824 42.5 15.0 
1001-5000 V 0.0714 75.1 12.0 
Synchronous 
001-5000 V 0.0762 78.9 16.0 
Circuit breakers® Fixed (including molded case) 0.0052 5.8 4.0 
0-600 V—AII sizes 0.0042 4.7 4.0 
0-600 A 0.0035 2.2 1.0 
Above 600 A 0.0096 9.6 8.0 
Above 600 V° 0.0176 10.6 3.8 
Metalclad drawout type—All 0.0030 129.0 7.6 
0-600 V—AII sizes 0.0027 147.04 4.0 
0-600 A 0.0023 3.2 1.0 
Above 600 A 0.0030 232.0 5.0 
Above 600 V° 0.0036 109.0¢ | 168.0 
Motor starters Contact type: 0-600V 0.0139 65.1 24.5 
Contact type: 601-15 000V 0.0153 284.0 16.0 
Generators Continuous service 
Steam turbine driven 0.1691 32.7 —_— 


Emergency and standby units 
Reciprocating engine driven 


Rate per hour in use (0.00536) 478.0 —_— 
Failures per start attempt 
(0.0135) 
Disconnect switches Enclosed 0.006100 1.6 2.8 
Switchgear bus— Insulated: 601-15 000 V 0.001129 261.0 28.0 
Indoor and outdoor® Bare: 0-600 V 0.000802 550.0 27.0 
Bare: Above 600 V 0.001917 17.3 36.0 
Bus duct— 
Indoor and outdoor All voltages 0.000125 128.0 9.5 
(Unit = 1 circuit ft) 
Open wire (Unit = 0-15 000 V 0.01890 42.5 4.0 
1000 circuit ft) Above 15 000 V 0.00750 17.5 12.0 
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Table 3-2—Summary of optional failure rate and average and median 
downtime per failure for all electrical equipment surveyed (Continued) 


Equipment 


Cable—AIl types 
of insulation 
(Unit = 1000 
circuit ft)! 


Equipment subclass 


Above ground and aerial 
0-600 V 
601-15 000 V—AIl 
In trays above ground 
In conduit above ground 
Aerial cable 
Below ground and direct burial 
0-600 V 
601-15 000 V—AIl 
In duct or conduit 
Above 15 000 V 


Failure 
rate 
(failures 
per unit- 
year) 


0.00141 
0.01410 
0.00923 
0.04918 
0.01437 


0.00388 
0.00617 
0.00613 
0.00336 


Actual hours of 
downtime per failure 


Median 
plant 
average 


Industry 
average 


Cable (Unit = 
1000 circuit ft) 


601-15 000 V 
Thermoplastic 
Thermosetting 
Paper insulated lead covered 
Other 


0.00387 
0.00889 
0.00912 
0.01832 


Cable joints—All 
types of insulation 


601-15 000V 
In duct or conduit below 
ground 


0.000864 


Cable joints! 


601-15 000V 
Thermoplastic 
Paper insulated lead covered 


0.000754 
0.001037 


Cable : 
terminations! 
all types of 
insulation 


Above ground and aerial 
0-600V 
601-15 000 V—AIL 

Aerial cable 

In trays above ground 

In duct or conduit below ground 
601-15 000 V 


0.000127 
0.000879 
0.001848 
0.000333 


0.000303 


Cable 
terminations 


601-15 000 V 
Thermoplastic 
Thermosetting 
Paper insulated lead covered 
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0.000781 


41 


IEEE 


Std 493-1997 CHAPTER 3 


Table 3-2—Summary of optional failure rate and average and median 
downtime per failure for all electrical equipment surveyed (Continued) 


Actual hours of 


Failure downtime per failure 


rate 
(failures 
per unit- | Industry 

year) average 


Equipment 


Equi t subcl 
quipment subclass Median 


plant 
average 


1.254000 107.0 185.0 
0.038000 39.0 52.2 


“See Tables 3-5 and 3-6 in this chapter for data comparing replacement time with average repair time 
of transformers. 

>See Table 3-24 for motors > 50 hp. 

“See Appendix J for circuit breakers above 63 kV from a CIGRE 13-06 worldwide survey. See 
Appendix K for a later small IEEE survey. 

See Tables 50, 51, 55, and 56 in Appendix B for results on a special study on effects of failure repair 


Inverters 
Rectifiers 


Miscellaneous 


method and failure repair urgency on the average hours downtime per failure. 
“Unit = the number of connected circuit breakers and connected switches. 
See Appendix I for utility industry data on underground cable, terminations, and splices. 


Table 3-3—Switchgear bus, indoor and outdoor 1979 survey data 


Industry 


All 


Equipment subclass 


All 


Failure rate (failures 
per unit-year) 


0.001050 


Median 
hours 
downtime 
per failure 


28 


All 


Insulated, above 600 V 


0.001129 (0.001700) 


28 (26.8)" 


All 


Bare, all voltages 


0.000977 


28 


All 


Bare, 0-600 V 


0.000802 (0.000340) 


27 (24.0) 


All 


Bare, above 600 V 


0.001917 (0.000630) 


36 (13.0)* 


Petroleum/Chemical 


Insulated, above 600 V 


0.002020 


40 


Petroleum/Chemical 


Bare, all voltages 


0.002570 


28 


Petroleum/Chemical 


Bare, 0-600 V 


0.002761 


22 


Petroleum/Chemical 


“Number in parentheses = the result from the 1974 survey. 


Bare, above 600 V 


Small sample size, less than eight failures. 
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The 1974 survey generated some controversy concerning bare and insulated buses. As can be 
seen from Table 3-3, insulated bus equipment showed a significantly higher failure rate than 
bare bus above 600 V. An analysis of the 1974 data base revealed that the majority of the data 
collected came from the petroleum/chemical industry. In the 1979 survey, the petroleum/ 
chemical industry data was separated from the remaining industrial data base and indicated 
that the number of reported failures in each category was dominated by the petroleum/chemi- 
cal industries. The bare bus failure rate was significantly higher and the insulated bus failure 
rate lower in the 1979 survey than in the 1974 survey. 


A comparison of the median downtime per failure in both surveys revealed no significant 
differences. It is important to emphasize that the duration of an outage is dependent on many 
factors, and without supplementary information on the operating procedures, maintenance 
type, spare parts inventory, etc., the data in these surveys should be viewed as general 
information. 


Some important additional observations based on the 1979 survey are as follows: 


a) Newer bus appears to experience a higher failure rate than older bus. This may be 
partly explained by improper installation, type of construction of new switchgear, 
etc., but is not completely consistent with the observation that failure rates are highly 
dependent on maintenance. 


b) Outdoor bus shows a higher failure rate than indoor bus. 


c) Primary and contributing causes of failures were investigated. Inadequate mainte- 
nance was one of the leading “suspected primary causes of failure” and exposure to 
contaminants (including dust, moisture, and chemicals) was the leading “contributing 
cause to failure.” This tends to support the data showing outdoor bus with a relatively 
high failure rate. 


d) The survey results on type of failures show a surprisingly high percentage of line-to- 
line failures, rather than line-to-ground. 


3.2.2 1980 generator survey data 


The results of the 1980 generator survey data (see IEEE Committee Report [B13]) are 
summarized in Table 3-4. A “unit” in this survey was defined to include the generator’s driver 
and its ancillary equipment, including the device from which the generator’s output is made 
available to the “outside” world. The term “unit-year” was defined as the summation of the 
running times reported for each generator. 


Two major categories (i.e., continuously applied units and emergency or standby applied 
units) emerged from an evaluation of the responses. All of the continuous units were steam 
turbine driven, and all of the emergency or standby units were reciprocating engine driven. 
An important point to note on the data for emergency and standby units: Failure to start for 
automatically started units was counted as a failure, whereas failure to start for manually 
started units was not counted as a failure. 
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Table 3-4—1980 generator survey data 


Average downtime per 


7 Failure rate 
failure 


Equipment subclass 


Continuous service 
steam turbine driven . 0.16900 failures per unit-year 


Emergency and standby units 
reciprocating engines driven 0.00536 failures per hour in use 


Reciprocating engines driven 0.01350 failures per start attempt 


NOTE—Appendix L contains data from a recent survey of diesel and gas turbine generators, 
600-1800 kW. 


* Small sample size—less than eight failures. 


3.2.2.1 Reliability/availability guarantees of gas turbine and combined cycle 
generating units 


Many industrial firms are now purchasing gas turbine generating units or combined cycle units 
that include both a gas turbine and a steam turbine. In some cases, the specification contains a 
reliability/availability guarantee. Appendix N (see Ekstrom [B8]) contains one manufacturer’s 
suggestion on how to write a reliability/availability guarantee when purchasing such units; this 
is a very thorough description of the factors that need to be considered along with the neces- 
sary definitions. Appendix N also contains some 1993 data on the reliability/availability of gas 
turbine units that was collected by an independent data collection organization. 


3.2.3 1979 survey of the reliability of transformers 


A survey published in 1973-74 raised some interesting questions and created some 
controversy (see IEEE Committee Report [B11]). The most controversial items in this survey 
concerned the average outage duration time after a transformer failure in relation to the fail- 
ure restoration method, and the comparatively high failure rate for rectifier transformers. 


The 1979 survey form (see IEEE Committee Report [B12]) was improved considerably, 
taking lessons learned from the 1973-74 version. Items felt to be of little significance in the 
past were omitted and the form was simplified to maximize the response. Data relating spe- 
cifically to transformer reliability such as rating, voltage, age, and maintenance were included 
in the new form. The most significant categories in the failed unit data are the causes of fail- 
ure, the restoration method, restoration urgency and the duration of failure, and the age at 
time of failure. The survey form of the 1979 survey (published in 1983) is shown in the 
Appendix G. 
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3.2.3.1 Failure rate and restoration method for power and rectified transformers 


survey results 


The survey response for power transformers is summarized in Table 3-5 and the survey 
response for rectifier transformers is summarized in Table 3-6. 


Table 3-5—Power transformers (1979 survey) 


Equipment subclass 


All liquid filled 


Failure rate 
(failures per 
unit-year) 


Average repair 
time (hours 
per failure) 


356.1 


Average 
replacement time 
(hours per failure) 


Liquid filled 


300-10 000 kVa 


297.4 


Liquid filled 
>10 000 kVA 


1178.57 


Dry 
300-10 000 kVA 


“Small sample size, less than eight failures. 


Table 3-6—Rectifier transformers (1979 survey) 


Equipment subclass 


All liquid filled 


Failure rate 
(failures per 
unit-year) 


Average repair 
time (hours 
per failure) 


2316.0 


Average 
replacement time 
(hours per failure) 


Liquid filled 
300-10 000 kVa 


1664.0* 


Liquid filled 
>10 000 kVA 


“Small sample size, less than eight failures. 


The survey results for the liquid-filled power transformers compared favorably between the 
1973-74 and 1979 surveys: 0.0041 and 0.0062 failures per unit-year, respectively. The 1979 
survey also confirmed the fact that the failure rate for rectifier transformers (i.e., 0.0190) is 
much higher than those for the other transformer categories (i.e., 0.0062). This may be due to 
the severe duties to which they were subjected and/or the harsh environments in which they 
are housed. 
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Tables 3-5 and 3-6 include data on restoration time vs. restoration method. The data clearly 
indicates that the restoration of a unit to service by repair rather than replacement results in a 
much longer outage duration in every case. This is consistent with previous survey results. 
Despite this fact, in most categories a larger number of units were restored to service by 
repair. These results show the obvious benefits in having spares at the site or readily available. 
The data also provides some of the information necessary in the preparation of an economic 
justification for spares. The averages shown represent only those cases where restoration 
work was begun immediately. Those instances in which the repair or replacement was 
deferred were excluded to avoid distorting the average restoration time data. 


3.2.3.2 Failure rate vs. age of power transformers 


The survey response for power transformer failures as a function of their age is summarized 
in Table 3-7. 


Table 3-7—Failure rate vs. age of power transformers (1979 survey) 


Number | Failure rate 
of (failures per 
failures? unit-year) 


Number | Sample size 


Eaitlpmentsubelass of units (unit-years) 


Liquid filled 
300-10 000 kVa 


Liquid filled 
300-10 000 kVa 


Liquid filled 
300-10 000 kVa 


Liquid filled 
>10 000 kVA 


Liquid filled 
>10 000 kVA 0.0246° 


Liquid filled 
>10 000 kVA 0.0126° 


“A ge was the age of the transformer at the end of the reporting period. 

>Relay or tap changer faults were not considered in calculation of failure rates or repair and replace- 
ment times. 

“Small sample size; less than eight failures. 


An examination of Table 3-7 reveals that the failure rates for power transformers was approx- 
imately equal in all three age groups. It can be seen that slightly higher failure rates for trans- 
former units aged | to 10 years and for units greater than 25 years may be attributable to 
“infant mortality” and to units approaching the end of their life, respectively. 
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3.2.3.3 Failure-initiating cause 


Table 3-8 summarizes the failure-initiating cause data for power and rectifier transformers. 
This table reveals that a large percentage of transformer failures was initiated by some type of 
insulation breakdown or transient overvoltages. 


Table 3-8—Failure-initiating cause for power and rectifier transformers 
(1979 survey) 


All power All rectifier 
transformers transformers 


Fail -initiati 
allure-iInitiating cause Number Number 


of Percentage of Percentage 
failures* failures 


Transient overvoltage disturbance (switch- 
ing surges, arcing ground fault, etc.) 


Overheating 


Winding insulation breakdown 


Insulation bushing breakdown 


Other insulation breakdown 


Mechanical breaking, cracking, loosening, 
abrading, or deforming of static or structural 
parts 


Mechanical burnout, friction, or seizing of 
moving parts 


Mechanically caused damage from foreign 
source (digging, vehicular accident, etc.) 


Shorting by tools or other metal objects 


Shorting by birds, snakes, rodents, etc. 


Malfunction of protective relay control 
device or auxiliary device 


Improper operating procedure 


Loose connection or termination 


Others 


Continuous overvoltage 


Low voltage 


Low frequency 


Total 


“Failure = initiating cause not specified for two failures. 
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3.2.3.4 Failure-Contributing Cause 


Table 3-9 summarizes the failure-contributing cause for power and rectifier transformers. 
Normal deterioration from age and cooling medium deficiencies were reported to have con- 
tributed to a large number of both power and rectifier transformer failures. 


Table 3-9—Failure-contributing cause for power and rectifier transformers 
(1979 survey) 


All rectifier 


All power transformers 
transformers 


Failure-contributing cause 
8 Number Number 


of Percentag of Percentag 


failures* failures? 


Persistent overloading 


Abnormal temperature 


Exposure to aggressive chemicals, 
solvents, dusts, moisture, or other 
contaminants 


Normal deterioration from age 


Severe wind, rain, snow, sleet, or other 
weather conditions 


Lack of protective device 


Malfunction of protective device 


Loss, deficiency, contamination, or 
degradation of oil or other cooling medium 


Improper operating procedure or testing 
error 


Inadequate maintenance 


Others 


Exposure to nonelectrical fire or burning 


Obstruction of ventilation by foreign object 
or material 


Improper setting of protective device 


Inadequate protective device 


Total 


*Failure-contributing cause not specified for 22 failures. 
>Failure-contributing cause not specified for two failures. 


48 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
SUMMARY OF EQUIPMENT RELIABILITY DATA Std 493-1997 


3.2.3.5 Suspected failure responsibility 


Table 3-10 summarizes the suspected failure responsibility for power and rectifier trans- 
former failures. The respondents believed that manufacturer defects and inadequate mainte- 
nance were responsible for the majority of power transformer failures (i.e., 59.3%). Table 
3-10 shows that inadequate operating procedures were a more significant cause of rectifier 
transformer failures (i.e., 31.2%) than inadequate maintenance. 


Table 3-10—Suspected failure responsibility for power and rectifier 
transformers (1979 survey) 


All rectifier 


All power transformers 
transformers 


Failure-initiating cause 
8 Number Number 


of Percentage of Percentage 
failures* failures 


Manufacturer defective component or 
improper assembly 


Transportation to site, improper 
handling 


Application engineering, improper 


application 


Inadequate installation and testing prior 
to start up 


Inadequate maintenance 


Inadequate operating procedures : 31.3 


Outside agency—Personnel ; 0.0 


Outside agency—Others ; 0.0 


Others 12.5 


Total 100.0% 


“Suspected failure responsibility not specified for 16 failures. 


3.2.3.6 Maintenance cycle and extent of maintenance 


The 1973-1974 survey asked the respondent to give an opinion of the maintenance quality as 
excellent, fair, poor, or none. It is very difficult to be completely objective in responding to 
this type of question. The 1979 survey, therefore, asked for a brief description of the extent 
of maintenance performed, the idea being to enable the reader to judge the benefits derived 
from a particular maintenance procedure. The large percentage of failures that resulted from 
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inadequate maintenance shows the importance of a comprehensive preventive maintenance 
program and compilation of accurate data on the extent and frequency of the maintenance 
performed. Unfortunately, the response did not lend itself to reporting in tabular form. 
Maintenance information continues to be the most difficult to obtain and report for all equip- 
ment categories. 


3.2.3.7 Type of failure 


The 1979 survey limited the choices of failure type to “winding” and “other” as shown in 
Table 3-11 for power and rectifier transformers. Clearly, the most significant failure type was 
that occurring in power transformer windings. 


Table 3-11—Type of failure for power and rectifier transformers 
(1979 survey) 


All rectifier 


All power transformers 
transformers 


Failure-initiating cause 
8 Number Number 


of Percentage of Percentage 
failures failures 


Winding 


Other 


3.2.3.8 Failure characteristics 


The failure characteristics of power and rectifier transformers are shown in Table 3-12. As 
would be expected, the survey results show that about 75% of transformer failures resulted in 
their removal from service by automatic protective devices; however, the percentage requir- 
ing manual removal was significant. Increasing use of transformer oil or gas analysis could be 
a factor here, enabling detection of incipient faults in their early stages, and thus permitting 
manual removal before a major failure occurs. 


3.2.3.9 Voltage rating 


The failure rates for liquid-filled power transformers and rectifier transformers classified by 
their voltage ratings is shown in Tables 3-13 and 3-14, respectively. An examination of 
Table 3-13 reveals the failure rate for the 600-15 000 V transformers (i.e., 0.0052 failures per 
unit year) is less than that for the higher voltage units. The lack of data (i.e., small sample 
sizes) reported for rectifier transformers makes it impossible to draw any definite conclusions 
as to the effect of voltage or size on their failure rates. 
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Table 3-12—Failure characteristic for power and rectifier transformers 
(1979 survey) 


All rectifier 
transformers 


All power transformers 


Failure-initiating cause 
8 Number Number 


of Percentage of Percentage 
failures failures 


Automatic removal by protective device 


Partial failure, reducing capacity 


Manual removal 


Table 3-13—Failure rate vs. voltage rating and size for power transformers 
(1979 survey) 


Number | Failure rate 
of (failures per 
failures unit-year) 


Number | Sample size 


Equipment subclass of units (unit-years) 


Liquid filled 
300-10 000 kVa 0.0052 


Liquid filled 
300-10 000 kVa 0.0110 


Liquid filled 
>10 000 kVA 0.0184° 


Table 3-14—Failure rate vs. voltage rating for rectifier transformers 
(1979 survey) 


Number Failure rate 


Number | Sample size of (failures per 


Haatpment subelass of units (unit-years) 


failures unit-year) 


3.2.4 1983 IEEE survey on the reliability of large motors 


A decision was made by the IEEE Motor Reliability Working Group to focus on motors that 
were of a critical nature in industrial and commercial installations and, thus, only motors 
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larger than 200 hp were selected to be included in the survey (see IEEE Committee Report 
[B13] and Appendix H). Another decision was made to limit the survey to only include 
motors that were 15 years old or less to focus on motors that were similar to those presently 
being manufactured and used today. 


Failure rates are given for induction, synchronous, wound rotor, and direct-current motors. 
Pertinent factors that affect the failure rates of these motors are identified. Data is presented 
on key variables such as downtime per failure, failed component, causes of failure, and the 
time of failure discovery. The results of this recent survey are compared with four other sur- 
veys on the reliability of motors (see IEEE Std 841-1994 [B2], Albrecht et al., [B5], IEEE 
Committee Reports [B15], [B16]). Details of the report are shown in Appendix H. The results 
of the survey are summarized in this subclause. The term “large motor” is defined in this sub- 
clause to be any motor whose horsepower rating exceeds 200 hp. 


3.2.4.1 Overall summary of failure rate for large motors 


The 1983 survey included data reported for 360 failures on 1141 motors with a total service 
of 5085 unit-years. The overall summary of the survey results for induction, synchronous, 
wound rotor, and direct-current motors is shown in Table 3-15. Calendar time was used in the 
calculation of the unit-years of service (rather than the running time) to simplify the data col- 
lection procedure. 


To summarize the important conclusions derived from the 1983 survey on the failure rates of 
large motors: 


a) Induction and synchronous motors had approximately the same failure rate of 0.07 to 
0.08 failures per unit-year. 

b) Induction motors rated 0 to 1000 V and those rated 1001-5000 V had approximately 
the same failure rates. The response on motors operating above 5000 V was too small 
to draw any meaningful conclusions. 

c) Wound-rotor motors rated 0 to 1000 V had a failure rate that was about the same as 
induction motors of the same rating. 

d) The sample size for direct current motors was too small to draw any meaningful con- 
clusions. 

e) Motors with intermittent duty operation had a failure rate that was about half as great 
as those with continuous duty. 

f) Motors with less than one start per day had approximately the same failure rate as 
those motors with between one to ten starts per day, which would indicate that up to 
ten starts per day does not have a major effect on the motor failure rates. 


3.2.4.2 Downtime per failure vs. repair/replacement and urgency for repair for 
large motors 


The comparison of the downtime per motor failure data for “repair” vs. “replace with spare” 
is considered important when deciding whether a spare motor should be purchased when 
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Table 3-15—Overall summary for large motors above 200 hp 
(see O’Donnell [B18]) 


Number Failure Average Average 
rate hours hours 

(failures down- down- 

per unit- time per | time per 
year) failure failure 


Number 
of Equipment 

failures subclass 

reported 


of plants 
in 
sample 
size 


All 


Induction 
0-1000 V 
1001-5000 V 
5001-15 000 V 


Synchronous 
1001-5000 V 
5001-15 000 V 


Wound rotor 

0-1000 V 

1001-5000 V 
5001-15 000 V 


Direct current 
0-1000 V 
1001-5000 V 


“Small sample size; less than eight failures. 


designing a new plant. The downtime per failure survey characteristics for all types of motors 
grouped together as a category is shown in Table 3-16. 


An examination of Table 3-16 shows the effect on the “repair” time that the “urgency for 
repair” has had. There were 45 cases of motor failures where the “repair” activities were car- 
ried out on a “round-the-clock, all-out” effort. There were four cases of motor failures where 
“low-priority” urgency resulted in a very long downtime; it is important to exclude these 
cases when making decisions on the design of industrial and/or commercial power systems. 
In general, the “average downtime per failure” is about five times larger for “repair” vs. 
“replace with spare.” 


3.2.4.3 Failed component—large motors 


The identified motor component that failed is shown in Table 3-17 for induction, synchro- 
nous, wound rotor, direct-current, and “all’’ motors. 


It can be seen that the two largest categories reported are motor bearing and winding failures 
with 166 and 97 failures, respectively, out of a total of 380 failures. Bearings and windings 
represent 44% and 26%, respectively, of the total number of motor failures. 
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Table 3-16—Downtime per failure vs. repair or replace with spare and urgency 
for repair—All types of motors above 200 hp 
(see O’Donnell [B18]) 


Average 

Number of hours 
failures (downtime 

per failure) 


Median hours 
(downtime 
per failure) 


Repair—Normal working hours* 


Repair—Round the clock 


Replace with spare? 


Low priority 


Not specified 


Total 


86570 h for one failure omitted. 
960 h for one failure omitted. 
“Small sample size; less than eight failures. 


Table 3-17—Failed component—Large motors (above 200 hp) 
(see O’Donnell [B18]) 


(Number of failures) 


Induction | Synchronous round Direct- | Total (all 
rotor current 


motors motors aiakirs niekors types) 


Failed component* 


Bearings 
Windings 


Rotor 


Shaft or coupling 
Brushes or slip ring 
External devices 
Not specified 

Total 


“Some respondents reported more than one failed component per motor failure. 


3.2.4.4 Failed component vs. time of discovery—Large motors 


Data on the failed component vs. the time the failure was discovered is shown in Table 3-18. 
It can be seen that 60.5% of the failures found during “maintenance or test” are bearings. 
Many users consider that it is very important to find as many failures as possible during 
“maintenance or test” rather than “normal operation.” Bearings and windings represent 
36.6% and 33.1%, respectively, of the failures discovered during “normal operation.” 


54 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
SUMMARY OF EQUIPMENT RELIABILITY DATA Std 493-1997 


Table 3-18—Failed component vs. time of discovery 
(all types of motors above 200 hp) (see O’Donnell [B18]) 


(Percentage of failures) 


Time of discovery 


Failed component 
: P Normal Maintenance 


operation or test 


Bearing 


Windings : 8.3 


Rotor 5.1 1.8 0.0 


Shaft or coupling 5.8 8.3 14.3 


Brushes or slip rings 3.1 73 0.0 


External devices 5.0 3.7 0.0 


Not specified 11.3 10.1 71 


Total percentage of failures 100.0% 100.0% 100.0% 


Total number of failures 257 109 14 


3.2.4.5 Causes of large motor bearing and winding failures 


The causes of motor failures categorized according to the failure initiator, the failure contrib- 
utor, and the failure’s underlying cause are shown in Table 3-19 for induction, synchronous, 
and “all” motors. 


*Mechanical breakage” is the largest failure initiator for induction motors. “Normal deterio- 
ration from age,” “high vibration,” and “poor lubrication” are the major failure contributors to 
induction motor failures. “Inadequate maintenance” and “defective component” are the larg- 
est underlying causes of induction motor failures. 


*Electrical fault or malfunction” and “other insulation breakdown” are the major failure initi- 
ators for synchronous motors. “Normal deterioration from age” is the major fault contributor 
of synchronous motors. “Defective component” is the largest underlying cause of synchro- 
nous motor failures. 


Table 3-19 shows a correlation between bearing failures and the causes of failure: 50.3% of 
bearing failures were initiated by “mechanical breakage;” 31.3% and 21.8%, respectively, 
had “poor lubrication” and “high vibration” as failure contributors; and 27.6% blamed 
“inadequate maintenance” as the underlying cause. 


Table 3-19 also shows a correlation between winding failures and the causes of failure: 
36.7% of the winding failures had “other insulation breakdown” as the initiator; 18.5% and 
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Table 3-19—Causes of failure vs. motor type and 
vs. bearing and winding failures—Motors above 200 hp 
(see O’Donnell [B18]) 


(Percentage of failures) 


All motor types— 
failed component All types | Induction | Synchronous 
of motors | motors motors Causes of failures 


Bearings | Windings 


Failure initiator 

Transient overvoltage 
Overheating 

Other insulation breakdown 
Mechanical breakage 
Electrical fault or malfunction 
Stalled motor 

Other 


Total percentage of failures 
Total number of failures 


Failure contributor 
Persistent overheating 
High ambient temperature 
Abnormal moisture 
Abnormal voltage 
Abnormal frequency 

High vibration 

Aggressive chemicals 
Poor lubrication 

Poor ventilation or cooling 
Normal deterioration from age 
Other 


Total percentage of failures 
Total number of failures 


Failure underlying cause 
Defective component 

Poor installation/testing 
Inadequate maintenance 
Improper operation 

Improper handling/shipping 
Inadequate physical protection 
Inadequate electrical protection 
Personnel error 

Outside agency—Not personnel 
Motor-driven equipment mismatch 
Other 


Total percentage of failures 
Total number of failures 
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18.5%, respectively, had “normal deterioration from age” and “abnormal moisture” as failure 
contributors; 19.6% “inadequate maintenance” and 15.2% had “inadequate electrical protec- 
tion” as the underlying cause. 


It is of interest to note that “inadequate maintenance” was the largest underlying cause of 
both bearing and winding failures. A special study of the 71 failures attributed to “Inadequate 
maintenance” is shown in Table 3-20. It can be clearly seen that 59.1% of the motor compo- 
nents that failed were bearings, that 52.1% of the failures were initiated by “mechanical 
breakage,” and 43.7% of the failures had “poor lubrication” as a failure contributor. 


Table 3-20—Failures caused by “inadequate maintenance” vs. 
“failed component,” “failure initiator,’ and “failure contributor” 
(All types of motors above 200 hp) (see O’Donnell [B18]) 


(Number of failures in percent) 


Failure initiator 
Bearing 
Winding 
Rotor 
Shaft or coupling 
Brushes or slip rings 
External device 
Other 
+A Ge Total percentage 
Py (Number of failures = 71) 


% Failure initiator 
0.0% Transient overvoltage 
4.2 Overheating 
14.1 Other insulation breakdown 
52.1 Mechanical breakage 
2.8 Electrical fault or malfunction 
0.0 Stalled motor 
26.8 Other 
aaa Total percentage 
HO@ (Number of failures = 71) 


Failure contributor 
Persistent overloading 
High ambient temperature 
Abnormal moisture 
Abnormal voltage 
Abnormal frequency 
High vibration 
Aggressive chemical 
Poor lubrication 
Poor ventilation/cooling 
Normal deterioration from age 
Other 

TAN ne, Total percentage 

NOOR (Number of failures = 71) 
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3.2.4.6 Other significant results 


Several additional parameters were reported in (O’ Donnell [B18]) in terms of their effect on 
the failure rate of motors above 200 hp. These included the effect of horsepower, speed, 
enclosure, environment, duty cycle, service factor, average number of starts per day, ground- 
ing practice, maintenance quality, maintenance cycle, type of maintenance performed, and 
months since last maintenance prior to the failure. Some combinations of these parameters, 
two at a time, have also been studied and reported (see O’ Donnell [B18]). 


3.2.4.6.1 Open vs. enclosed motors 
The following significant conclusions were reached: 


a) Open motors had a higher failure rate than weather-protected or enclosed motors. 

b) Indoor motors had a higher failure rate for open motors than for weather-protected or 
enclosed motors. 

c) Outdoor motors had a lower failure rate than indoor motors because most outdoor 
motors were weather protected or enclosed, and most indoor motors were open. 


3.2.4.6.2 Service factor 


The 1.15 Service Factor (S.F) induction motors had a higher reported failure rate than 
1.0 S.F induction motors, but the opposite was true for synchronous motors. 


3.2.4.6.3 Speed and horsepower 


The failure rate for induction motors did not vary significantly among the three speed catego- 
ries (i.e., 0-720 r/min, 721-1800 r/min, and 3600 r/min). The highest failure rate was in the 
middle speed category, while the lowest failure rate was in the 3600 r/min category. The 
201-500 hp induction motors had approximately the same failure rate as 501-5000 hp induc- 
tion motors in each of the three speed ranges studied. 


Synchronous motors in the speed category 0-720 r/min had a higher failure rate than 
synchronous motors in the 721—1800 r/min category. There were no respondents for the 3600 
r/min category. 


3.2.4.7 Data supports chemical industry motor standard 


Reliability data for induction motors from both the 1983 IEEE survey and the 1973-74 IEEE 
survey (see Appendixes A and B) supported the need for several of the features incorporated 
into IEEE Std 841-1994 [B2]. The IEEE surveys show the need for improved reliability of 
bearings and windings and, in some cases, the need for better physical protection against 
aggressive chemicals and moisture. Some of the more significant recommendations for an 
IEEE Std 841-1994 [B2] motor include 


a) TEFC enclosure 
b) Maximum 80 °C rise at 1.0 service factor 
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c) Contamination protection for bearings and grease reservoirs 

d) Three-year continuous L-10 bearing life 

e) Maximum bearing temperature of 45 °C rise (50 °C rise on two-pole motors) 
f) Cast iron frame construction 

g) Non-sparking fan 

h) Single connection point per phase in terminal box 

i) | Maximum sound power level of 90 dBA 

j) — Corrosion-resistant paint, internal joints and surfaces, and hardware 


IEEE Std 841-1994 [B2] was tailored for the petroleum/chemical industry; however, it can be 
beneficial for other industries with similar requirements. 


3.2.4.8 Comparison of 1983 motor survey with other motor surveys 


One of the primary purposes of comparing the results of 1983 motor survey with previous 
surveys and other surveys (see Albrecht et al., [B4], [B5], and Doble Conference [B29]) is to 
attempt to identify trends in the failure characteristics of motors (i.e., changing failure rates 
with time, varying causes of motor failures, assessing the impact of maintenance 
practices, etc.). 


3.2.4.8.1 1983 EPRI and 1983-85 IEEE surveys 


The size and scope of the IEEE Working Group and EPRI motor surveys is shown in Table 
3-21. The motor failure rate of 0.035 failures per unit-year in the EPRI sponsored study of the 
electric utility industry is about half the IEEE failure rate of 0.0708 failures per year. 


The percentage of motor failures classified by component in the two surveys is shown in 
Table 3-22. Similar results were obtained in these two studies on the failed component, with 
bearing. winding, and rotor-related percentages that were each about the same. 


Table 3-23 shows some differences between the two studies on the causes of failures. The 
IEEE survey found “inadequate maintenance,” “poor installation/testing,’ and “misapplica- 
tion” to be a significant larger percentage of the causes of motor failures; while the EPRI 
study attributed a larger percentage to the manufacturer. In addition, the EPRI study had a 
much larger percentage of failures attributed to “other or not specified.” Additional results 
from the EPRI sponsored study were given in a later paper (see Albrecht et al., [B5]). 


3.2.4.8.2 1982 Doble data and 1983-85 IEEE surveys 


A 1982 Doble Survey (see Doble Conference [B29]) in the electric utility industry (for 
motors 1000 hp and up and not over 15 years of age) reported 68 insulation-related failures in 
2078 unit-years of service during the year 1981. This gives an insulation-related failure rate 
of 0.033 failures per unit-year. This can be compared with a winding failure rate of 
26% times 0.0708, which equals 0.018 failures per unit-year that can be calculated from the 
1983-85 IEEE survey of motors above 200 hp and not older than 15 years in Tables 3-21 
and 3-22. 


Copyright © 1998 IEEE. All rights reserved. 59 


IEEE 
Std 493-1997 CHAPTER 3 


Table 3-21—Size and scope comparison of IEEE 1983-85 motor survey 
(O’Donnell [B18]) and EPRI sponsored motor survey 
in electric utility power plants (Albrecht et al., [B4]) 


IEEE Working 


EPRI Phase I 
Group 


Parameter 


Horsepower 100 and up 


Number of companies/utilities 56 


Number of plants or units 132 


Number of motors 4797 


Total population (unit-years) 249141" 


Total failures 8711" 


Failure rate (all motors) 0.035 


To first failure. 


Table 3-22—Failure by component comparison of the IEEE 1983-85 motor 
survey ( O’Donnell [B18]) and EPRI sponsored survey 
( Albrecht et al., [B4]) 


(Percentage of failures) 


IEEE Working Group EPRI Phase I 


44% Bearings 41% Bearing related 


26% Windings 37% Stator related 


8% Rotor/Shafts/Couplings 10% Rotor related 


3.2.4.8.3 IEEE Surveys 1973-74 and 1983-85 


Table 3-24 shows the results from the 1973-74 IEEE motor reliability survey of industrial 
plants (see IEEE Committee Report [B16]). This survey covered motors 50 hp and larger, and 
had no limit on the age of the motor. Those results can be compared to Table 3-15 for the 
1983-85 IEEE survey of motors above 200 hp and not older than 15 years. The 1983-85 
failure rates of induction motors and synchronous motors were about double those from the 
1973-74 survey for motors 601-15 000 V. 
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Table 3-23—-Cause of failure comparison—IEEE 1983-85 motor survey 
(O’Donnell [B18]) and EPRI sponsored motor survey 
(Albrecht et al., [B4]) 


EPRI Phase I IEEE Working 
Group 


Failure cause Failure cause 


Number | Percent | Number | Percent 


Manufacturer Defective component 
design 
workmanship 


Misoperation : . Improper operation/personnel 
error 


Misapplication . : Misapplication 

Motor-driven equipment 
mismatch 

Inadequate electrical protection 
Inadequate physical protection 


Inadequate maintenance 


Poor installation/testing 


Outside agency other than 
personnel 


Improper handling/shipping 


Other or not 50.2 26.1 Other or not specified 
specified 


Total 100.0% 100.0% 


3.2.4.8.4 AIEE 1962 and 1983-85 IEEE surveys 


Table 3-25 shows the results from the 1962 AIEE motor reliability survey of industrial plants. 
This survey covered motors 250 hp and larger and had no limit on the age of the motor. The 
failure rates for both induction motors and synchronous motors from the 1962 AIRE survey 
are within 30% of those shown in Table 3-15 for the 1983-85 IEEE survey of motors above 
200 hp and not older than 15 years. The two surveys conducted 21 years apart show remark- 
ably similar results. 


3.2.5 1994 IEEE-PES survey of overhead transmission lines 


The IEEE Power Engineering Society conducted an extensive survey of the outages of over- 
head transmission lines 230 kV and above in the U.S. and Canada (see Adler et al., [B3]). 
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Table 3-24—1973—74 IEEE overall summary for motors 50 hp and larger 


Number Number Failure Average Median 


of Equipment 
failures subclass 
reported 


rate hours hours 
(failures down- down- 
per unit- time per | time per 

year) failure failure 


of plants 
in 
sample 
size 


All 


Induction 
0-600 V 
5001-15 000 V 


Synchronous 
1001-5000 V 
5001-15 000 V 


Direct current 


Table 3-25—1962 AIEE overall summary for 
motors 250 hp and larger, U.S. and Canada (Dickinson [B7]) 


Number Failure Average Median 
Number 
of plants : rate hours hours 
. of Equipment . 
in P (failures down- down- 
failures subclass ; a . 
sample per unit- time per time per 
: reported ‘i : 
size year) failure failure 


Induction 


Synchronous 


This is included as Appendix O and covers 230 kV, 345 kV, 500 kV, and 765 kV and includes 
both permanent and momentary outages. Line-caused outages have been separated out from 
terminal-caused outages. Data are given on the type of fault that caused the outage. Faults can 
result in voltage sags at the entrance to industrial and commercial installations. 


3.3 Part 2: Equipment reliability surveys conducted prior to 1976 
3.3.1 Introduction 


From 1973 to 1975, the Power Systems Reliability Subcommittee of the IEEE Industrial 
Power Systems Department conducted and published surveys of electrical equipment reliabil- 
ity in industrial plants (see IEEE Committee Reports [B12], [B16]). Those reliability surveys 
of electrical equipment and electric utility power supplies were extensive, and summaries of 
the following pertinent reliability data are given in this subclause: 
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a) Failure rate and outage duration time for electrical equipment and electric utility 
power supplies 

b) Failure characteristic or failure modes of electrical equipment; that is, the effect of 
the failure on the system 

c) Causes and types of failures of electrical equipment 

d) Failure repair method and failure repair urgency 

e) Method of service restoration after a failure 

f) Loss of motor load vs. time of power outage 


In addition, reference is made to summaries of pertinent reliability data and information that 
are contained in other chapters, including: 


g) Maximum length of time of an interruption of electrical service that will not stop 
plant production 

h) Plant restart time after service is restored, following a failure that caused a complete 
plant shutdown 

i) Cost of power interruptions to industrial plants and commercial buildings 

j) An example showing that the two power sources in a double-circuit utility supply 
may not be completely independent 

k) Equipment failure rate multipliers vs. maintenance quality 

1) Percentage of failures caused by inadequate maintenance vs. month since maintained 


All of the reliability data summarized in the above twelve items was taken from the IEEE 
surveys of industrial plants (see Albrecht et al., [B5] and EEI Publication no. 75-50 [B22]) 
and commercial buildings (see O’Donnell [B18]). The detailed reports are given in 
Appendixes A, B, C, and D. A later survey (IEEE Committee Report [B6]) of the reliability 
of switchgear bus is included in Appendix E. More recent surveys on “transformers,” “large 
motors,” and “cable, terminations, and splices” are included in Appendixes G, H, and I, 
respectively. Recent surveys on circuit breakers are shown in Appendixes J and K. A 1989 
survey on diesel and gas turbine generating units is included in Appendix L. 


3.3.2 Reliability of electrical equipment (1974 survey) 


The term “electrical equipment” in this section includes all the electrical equipment listed in 
Table 3-26. 


Table 3-26—In-plant electrical equipment list 


Electrical equipment 


Circuit breakers (some) Open wire 


Motor starters Cable 


Disconnect switches—enclosed Cable joints (some) 


Bus duct Cable terminations 
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In compiling the data for the 1974 survey, a failure was defined as any trouble with a power 
system component that causes any of the following effects: 


— Partial or complete plant shutdown, or below-standard plant operation 
— Unacceptable performance of user’s equipment 


— Operation of the electrical protective relaying or emergency operation of the plant 
electric system 


—  De-energization of any electric circuit or equipment 
A failure on a public utility supply system may cause the user to have either of the following: 


— __ A power interruption or loss of service 


— A deviation from normal voltage or frequency outside the normal utility profile 


A failure on an in-plant component causes a forced outage on the component, that is, the 
component is unable to perform its intended function until it is repaired or replaced. The 
terms “failure” and “forced outage” are often used synonymously. 


All of the electrical equipment categories listed in this subclauses have eight or more failures. 
This is considered an adequate sample size (see Patton [B21]) in order to have a reasonable 
chance of determining a failure rate within a factor of 2. Failure rate and average downtime per 
failure data for an additional six categories of equipment are contained in IEEE Committee 
Report [B16] (see Appendix A). 


The additional categories of equipment that have between four and seven failures and thus 
might be considered by some as too small a sample size include 


— Circuit breakers used as motor starters 

— _ Disconnect switches—open 

— Cable joints, 601-15 000 V, above ground and aerial 
— Cable joints, 601—15 000 V, thermosetting 

— Fuses 


— Protective relays 
3.3.2.1 Failure modes of circuit breakers 


The failure modes of “metalclad drawout” and “fixed-type” circuit breakers are shown in 
Table 3-27. Of primary concern to industrial plants is the large percentage of circuit breaker 
failures (i.e., 42%) that “opened when it should not.” This type of circuit breaker failure can 
significantly affect plant processes and may result in a total plant shutdown. Also, a large 
percentage (i.e., 32%) of the circuit breakers “failed while in service (not while opening or 
closing). Appendixes J and K and (ZEIT Publication no. 76-81 [B27]) contain additional 
detailed information on circuit breaker reliability. 
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Table 3-27—Failure modes of circuit breakers® (1974 survey) 
(Percentage of total failure in each failure mode) 


Metalclad drawout Failed type? 


All 
read 0-600 V 0-600 V Failure characteristics 
% 601-15 000 V All sizes 


Failed to close when it should 
Failed while opening 

Opened when it should not 
Damaged while successfully 
opening 

Damaged while closing 

Failed while in service (not 
while opening or closing) 
Failed during testing or mainte- 
nance 

Damage discovered during test- 
ing or maintenance 

Other 


Total percentage 


Number of failures in total per- 
centage 
Number not reported 


Total failures 


“Appendix K contains some limited data from a later IEEE survey. Appendix J contains data for circuit 
breakers above 63 kV from a CIGRE 13-06 worldwide survey with a very large population. 
>Includes molded case. 


3.3.2.1.1 Trip units on low-voltage breakers 


Most modern low-voltage power circuit breakers are purchased with a solid-state trip unit 
rather than an electromechanical trip unit. Many older low-voltage breakers have been retro- 
fitted with a solid-state trip that replaced an electromechanical trip unit. A comparison has 
been made of the reliability of these two types of trip units. This included both the “trip unit 
failed to operate” and the “trip unit out of specification.” 


A 1996 IEEE Survey was made of low-voltage breaker operation as found during 
maintenance (see O’ Donnell [B19]). This is included as Appendix P. A summary of the most 
important results is given in Table 3-28. Electromechanical trip units had an unacceptable 
operation about twice as often as solid state-units. 
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Table 3-28—Survey of low-voltage power breaker operation as found during 
maintenance tests—electromechanical (EM) vs. solid-state (SS) trip type unit; 
new solid state units vs. used (older) solid state units 
(Percentage of total failure in each failure mode) 


Trip unit type 


Electromechanical Solid-state 


Number of a Number of 
‘O 
tests tests 


Unacceptable operation 

a) Trip unit failed to operate 

b) Trip unit out of specification 

c) Mechanical operations 
(springs, arms/levers, hardened 
lubricant) 

d) Power contacts 
(alignment, incorrect pressure, 
pitted) 

e) Arc chutes 
(clean, replace/repair, chipped) 

f) Auxiliary contacts 


Total unacceptable 


Acceptable operation 


Total number of tests 


3.3.2.2 Failure characteristics of other electrical equipment 


The failure characteristics of electrical equipment (excluding transformers and circuit break- 
ers) are shown in Table 3-29. The dominant failure characteristic for this equipment is that it 
“failed in service.” A large percentage of the damage to motor starters (i.e., 36%), disconnect 
switches (i.e., 18%) and cable terminations (i.e., 12%) was discovered during testing or main- 
tenance; however, the remaining electrical equipment did not significantly exhibit this failure 
characteristic. 


3.3.2.3 Causes and types of failures of electrical equipment 
The following data is presented in Tables 3-30 and 3-31: 

a) Failures, damaged part 

b) ‘Failure type 

c) Suspected failure responsibility 


d)  Failure-initiating cause 
e) Failure-contributing cause 
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Table 3-29—Failure characteristics of other electrical equipment 


Disconnect Cable 
switches terminations | Failure characteristics 
% % 


Motor 
Starters 
% 


Failed in service 


Failed during testing or 
maintenance 


Damaged discovered 
during testing or mainte- 
nance 


Partial failure 


Other 


Circuit Motor | Disconnect Cable 
breakers | starters switches terminations 
% 


Failure, damaged part 


(1) Insulation—winding 
(2) Insulation—bushing 
(3) Insulation—other 
(4) Mechanical—bearings 
(5) Mechanical—other 
moving parts 
(6) Mechanical—other 
(7) Other electric— 
auxiliary device 
(8) Other electric— 
protective device 
(9) Tap changer—no load 
type 
(10) Tap changer—load type 
(99) Other 


Failure type 


(1) Flashover orarcing 
involving ground 
(2) All other flashover or 
arcing 
(3) Other electric defects 
(4) Mechanical defect 
(99) Other 
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The data presented in Table 3-31 indicate that the respondents suspected “inadequate mainte- 
nance” and “manufacturer-defective-component” were responsible for a significant percent- 
age of the failures for several categories of electrical equipment. 


3.3.2.4 Failure repair method and failure repair urgency 


The “failure repair method” and the “failure repair urgency” had a significant effect on the 
“average downtime per failure.” Table 3-32 shows the percentages of these two parameters 
for eight classes of electrical equipment. A special study on this subject is reported in Tables 
50, 51, 55, and 56 of (Patton [B21]) (see Appendix B) for circuit breakers and cables (see 
footnote d of Table 3-2 of this chapter). 


3.3.2.5 Reliability of electric utility power supplies to industrial plants 


The “failure rate” and the “average downtime per failure” of electric utility supplies to indus- 
trial plants are given in Table 3-33. Additional details are given in Appendix D of (EEI Publi- 
cation no. 75—50 [B22]). A total of 87 plants participated in the IEEE survey covering the 
period from | January 1968 through October 1974. 


The survey results shown in Table 3-33 have distinguished between power failures that were 
terminated by a switching operation vs. those requiring repair or replacement of equipment. 
The latter have a much longer outage duration time. Some of the conclusions that can be 
drawn from the IEEE data are 


a) The failure rate for single-circuit supplies is about 6 times that of multiple-circuit 
supplies that operate with all circuit breakers closed; and the average duration of each 
outage is about 2.5 times as long. 


b) ‘Failure rates for multiple-circuit supplies that operate with either a manual or an 
automatic throwover scheme are comparable to those for single-circuit supplies, but 
throwover schemes have a smaller average failure duration than single-circuit sup- 
plies. 


c) Failure rates are highest for utility supply circuits operated at distribution voltages 
and lowest for circuits operated at transmission voltages (greater than 35 kV). 


It is important to note that the data in Table 3-32 shows that the two power sources of a 
double-circuit utility supply are not completely independent. This is analyzed in an example 
in 7.1.16, where (for the one case analyzed) the actual failure rate of a double-circuit utility 
supply is more than 200 times larger than the calculated value for two completely indepen- 
dent utility power sources. 


Utility supply failure rates vary widely in various locations. One of the significant factors in 
this difference is believed to be different exposures to lightning storms. Thus, average values 
for the utility supply failure rate may not be appropriate for use at any one location. Local 
values should be obtained, if possible, from the utility involved, and these values should be 
used in reliability and availability studies. 
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Table 3-31—Suspected failure responsibility, failure-initiating cause, 
and failure-contributing cause (1974 survey) 


Circuit | Motor | Disconnect wale Suspected 
terminations 


breakers | Starters | switches % failure responsibility 
% 


(1) Manufacturer— 
defective component 

(2) Transportation to site— 
defective handling 

(3) Application engineerng— 
improper application 

(4) Inadequate installaion and 
testing prior to startup 

(5) Inadequate maintenance 

(6) Inadequate operating 
procedures 

(7) Outside agency— 
personnel 

(8) Outside agency—other 

(9) Other 


Failure-initiating cause 


(1) Persistent overloading 
(2) Above normal temperature 
(3) Below normal temperature 
(4) Exposure to aggressive 
chemicals or solvents 
(5) Exposure to abnormal 
moisture or water 
(6) Exposure to non-electrical 
fire or burning 
(8) Obstruction of ventilation 
by objects or material 
(9) Normal deterioration from 
age 
(10) Severe wind, rain, snow, 
sleet, or other weather 
conditions 
(11) Protective relay improp- 
erly set 
(12) Loss or deficiency of 
lubricant 
(13) Loss of deficiency of oil or 
cooling medium 
(14) Misoperation or testing 
error 
(15) Exposure to dust or other 
contaminants 
(99) Other 
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Table 3-32—Failure repair method and failure repair urgency (1974 survey) 


Circuit 
breakers 
% 


Motor | Disconnect 
Starters | switches 
% % 


Cable 
terminations 
% 


Failure repair method 


(1) Repair of failed 
component in place 
or sent out for repair 

(2) Repair by 
replacement of 
failed component 
with spare 

(99) Other 


Failure repair urgency 


(1) Requiring round- 
the-clock all-out 


efforts 

(2) Requiring repair 
work only during 
regular workday, 
perhaps with 
ovetime 

(3) Requiring repair 
work on a non- 
priority basis 

(99) Other 


An earlier IEEE reliability survey of electric power supplies to industrial plants was 
published in 1973 and is reported in Table 3 of (Albrecht, et al., [B5]) (see Appendix A). The 
earlier survey had a smaller data base and is not believed to be as accurate as the one summa- 
rized in Table 3-32. The earlier survey of electric utility power supplies had lower failure 


rates. 


3.3.2.6 Method of electrical service restoration to plant 


The 1973-75 IEEE data on “method of electrical service restoration to plant” is shown in 
Table 3-34. A percentage breakdown of the method of restoration to plant is ranked as 
follows: 


a) 
b) 
c) 
d) 
e) 


70 


Replacement of failed component with spare 
Repair of failed component 

Other 

Utility service restored 

Secondary selection—manual 

Primary selection—manual 

Primary selection—automatic 

Secondary selection—automatic 

Network protector operation—automatic 


22% 
22% 
22% 
12% 
11% 
71% 
2% 
2% 
0% 
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Table 3-33—IEEE survey of reliability of electric utility supplies to industrial 
plants (IEEE Committee Report [B12]) (1975 Survey) 
(See Tables I, I, IV, and V in Appendix D for additional details.) 


Failures per unit-year* 


Average duration 
(minutes per failure)* 


\s 


Ar 


r 


Single-circuit utility supplies 


TR 


Voltage level 
V<sI15kV 
ISkV <V<35kV 
V>35 kV 
All 


0.905 


0.527 
0.556 


2.715 
1.657 
0.843 
1.400 


3.621 
1.657 
1.370 
1.956 


Multiple-circuit utility supplies 
voltage levels) 


(all 


Switching scheme 
All breakers closed 
Manual throwover 
Automatic throwover 
All 


0.255 
0.732 
1.025 
0.453 


0.057 
0.118" 
0.171 
0.085 


0.312 
0.850 
1.196 
0.538 


Multiple-circuit utility supplies 
(all switching schemes) 


Voltage level 
VsI15kV 
ISkV <V<35kV 
V>35kV 


0.640 
0.500 
0.357 


0.148 
0.064° 
0.067 


0.788 
0.564 
0.424 


Multiple-circuit utility supplies 
(all circuit breakers closed) 


Voltage level 
V<sI15kV 
ISkV <V<35kV 
V>35kV 


“Failure rates As and Ap and average durations rs and rp are, respectively, rates and durations of 
failures terminated by switching and by repair or replacement. Unsubscripted rates and durations are 


overall values. 


>Small sample size; less than eight failures. 


The most common methods of service restoration to plant are replacement of failed compo- 
nent with a spare or the repair of the failed component. The primary selection or secondary 
selection is used only 22% of the time. This would indicate that most power distribution 
systems in this IEEE survey were radial. 
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3.3.2.7 Equipment failure rate multiplier vs. maintenance quality 


The relationship between maintenance practice and equipment failures is discussed in detail 
in Chapter 5. Equipment failure rate multipliers vs. maintenance quality are given in Chapter 
5 for transformers, circuit breakers, and motors. These multipliers were determined in a 
special study (Part 6 of Patton [B21]) (see Appendix B). The failure rate of motors is very 
sensitive to the quality of maintenance. 


The percentage of failures due to “inadequate maintenance” vs. the “time since maintained” 
is given in Chapter 5 for circuit breakers, motors, open wire, transformers, and all electrical 
equipment classes combined. A high percentage of electrical equipment failures were blamed 
on “inadequate maintenance” if there had been no maintenance for more than two years prior 
to the failure. 


3.3.2.8 Reliability improvement of electrical equipment in industrial plants 
between 1962 and 1973 


The failure rates for electrical equipment (except for motor starters) in industrial plants 
appeared to have improved considerably during the 11-year interval between the 1962 ATEE 
reliability survey (see Dickinson [B7]) and the 1973-74 IEEE reliability survey (see IEEE 
Committee Report [B16]). Table 3-35 shows how much the failure rates had improved for 
several equipment categories. These data are calculated from a 1974 report (Albrecht et al., 
[B4]). In 1962 circuit breakers had failure rates that were 2.5 to 6.0 times higher than those 
reported in 1973. The largest improvements in equipment failure rates have occurred on 
cables and circuit breakers. The authors discussed some of the reasons for the failure rate 
improvements during the 11-year interval. It would appear that manufacturers, application 
engineering, installation engineering, and maintenance personnel have all contributed to the 
overall reliability improvement. 


The authors also make a comparison between the surveys of the “actual downtime per 
failure” for all the equipment categories shown in the table in IEEE Committee Report 
[B16]). However, in general the “actual downtime per failure” was larger in 1973 than in 
1962. 


3.3.2.9 Loss of motor load vs. time of power outage 


A special study was reported in Table 47 of (IEEE Committee Report [B16]) (see Appendix 
B) on loss of motor load vs. duration of power outages. When the duration of power outages 
is longer than 10 cycles, most plants lose motor load. However, when the duration of power 
outages is between | and 10 cycles, only about one-third of the plants lose their motor load. 


Test results of the effect of fast bus transfers on load continuity are reported in (Averill [B6]). 
This includes 4 kV induction and synchronous motors with the following type of loads: 


a) Forced draft fan 


b) Circulating water pump 
c) Boiler feed booster pump 
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Table 3-35—Failure rate improvement factor of electrical equipment 
in industrial plants during the 11-year interval between 
the 1962 AIEE survey and the 1973 IEEE survey 


Failure rate ratio 
Equipment category AIEE (1962) 
IEEE (1973) 


Cable 

Nonleaded in underground conduit 
Nonleaded, aerial 

Lead covered in underground conduit 
Nonleaded in above-ground conduit 


Cable joints and terminations 
Nonleaded 
Leaded 


Circuit breakers 

Metalclad drawout, 0-600 V 
Metalclad drawout, above 600 V 
Fixed 2.4-15 kV 


Disconnect switches 
Open, above 600 V 
Enclosed, above 600 V 


Open wire 


Transformers 
Below 15 kV, 0-500 kVA® 
Below 15 kV, above 500 kVA 
Above 15 kV 


Motor starters, contactor type 
0-600 V 
Above 600 V 


°300-750 kVA for 1973. 


d) Condensate pump 
e) Gas recirculation fan 


A list of prior papers on the effect of fast bus transfer on motors is also contained in (see 
Albrecht et al., [B5]). 


3.3.2.10 Critical service loss duration time 
What is the maximum length of time that an interruption of electrical service will not stop 


plant production? The median value for all plants is 10.0 s. See Table 2-3 in Chapter 2 for a 
summary of the IEEE survey of industrial plants. 
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What is the maximum length of time before an interruption to electrical service is considered 
critical in commercial buildings? The median value of all commercial buildings is between 5 
and 30 min. See Table 2-3 in Chapter 2 for a summary of the IEEE survey of commercial 
buildings. 


3.3.2.11 Plant restart time 


What is the plant restart time after service is restored following a failure that has caused a 
complete plant shutdown? The median value for all plants is 4.0 h. See Table 2-4 in Chapter 2 
for a summary of the IEEE survey of industrial plants. 


3.3.2.12 Other sources of reliability data 


The reliability data from industrial plants that are summarized are based upon IEEE Commit- 
tee Report [B16] which was published during 1973-1975. Dickinson’s report (see [B7]) is an 
earlier reliability survey of industrial plants that was published in 1962. Portions of that data 
are tabulated in 3.2.4.8.4. 


Many sources of reliability data on similar types of electrical equipment exist in the electric 
utility industry. The Edison Electric Institute (EEI) has collected and published reliability 
data on power transformers, power circuit breakers, metal-clad switchgear, motors, excitation 
systems, and generators (see EET Publications [B22]—[B28]). Most EE] reliability activities 
do not collect outage duration time data. The North American Electric Reliability Council 
(NERC) collects and publishes reliability and availability data on generation prime mover 
equipment. 


Failure rate data and outage duration time data for power transformers, power circuit break- 
ers, and buses are given in (Patton [B21]). These data have come from electric utility power 
systems. 


Very little other published data is available on failure modes of power circuit breakers and on 
the probability of a circuit breaker not operating when called upon to do so. An extensive 
worldwide reliability survey of the major failure modes of power circuit breakers above 63 
kV on utility power systems has been made by the CIGRE 13-06 Working Group as shown in 
Appendix J. Failure rate data and failure per operating cycle data have been determined for 
each of the major failure modes. Outage duration time data has also been collected. In addi- 
tion, data has been collected on the costs of scheduled preventive maintenance; this includes 
the manhours per circuit breaker per year and the cost of spare parts consumed per circuit 
breaker per year. 


IEEE Std 500-1984 [B1] is a reliability data manual for use in the design of nuclear power 
generating stations. The equipment failure rates therein cover such equipment as annunciator 
modules, batteries and chargers, blowers, circuit breakers, switches, relays, motors and gen- 
erators, heaters, transformers, valve operators and actuators, instruments, controls, sensors, 
cables, raceways, cable joints, and terminations. No information is included on equipment 
outage duration times. 
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The Institute of Nuclear Power Operations (INPO) organization operates the Nuclear Plant 
Reliability Data System (NPRDS), which collects failure data on electrical components in the 
safety systems of nuclear power plants. Outage duration time data is collected on each fail- 
ure. The NPRDS data base contains more details than IEEE Std 500-1984, but INPO has fol- 
lowed a policy of not publishing its data. 


Very extensive reliability data have been collected for electrical and mechanical equipment 
used on “offshore platforms” in the North Sea and the Adriatic Sea (see OREDA-92 [B20]). 
This includes generators, transformers, inverters, rectifiers, circuit breakers, protection equip- 
ment, batteries, battery chargers, valves, pumps, heat exchangers, compressors, gas turbines, 
sensors, cranes, etc. Data have been published on failure rates, number of demands, failures 
per demand, repair time, and repair manhours. Ten oil companies have participated in this 
data collection over a period of nine years. 
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Chapter 4 
Evaluating and improving the reliability of an existing 
plant 


4.1 Introduction 


The 1974 survey of electrical equipment reliability in industrial plants (see IEEE Committee 
Report [B4]!) and subsequent investigations showed the utility supply as being the largest 
single component affecting the reliability of an industrial plant. (See Table 3 in Appendix A 
and Table 3-33.) Industrial users may or may not be in a position to improve the utility supply 
reliability and, as a result, must also focus their attention on critical areas within their own 
plants. A logical approach to the analysis of options available in the industrial plant (in terms 
of both utility supply and plant distribution) will lead to the greatest reliability improvement 
for the least cost. In many instances, reliability improvements can be obtained without any 
cost by making the proper inquiries. 


Most industrial users simply “hook up” to the utility system and do not fully recognize that 
their requirements can have an impact on how the utility supplies them. A utility is somewhat 
bound by the system available at the plant site and the investment that can be made per reve- 
nue dollar. However, most utilities are willing to discuss the various supply systems that are 
available to their customers. Many times, an option is available (sometimes with financial 
sharing between the user and the utility) that will meet the exact reliability needs of an 
industrial plant. 


A thorough and properly integrated investigation of the entire electric system (plant and 
supply) will pinpoint the components or subsystems having unacceptable reliability. Some 
important general inquiries are listed below. Many of these questions apply to both the utility 
and the plant distribution systems. 


a) Howis the system supposed to operate? 

b) What is the physical condition of the electric system? 

c) What will happen if faults occur at different points? 

d) What is the probability of a failure and its duration? 

e) What is the critical duration of a power interruption that will cause significant finan- 
cial loss? (That is, will a 1 min interruption cost production dollars or merely be an 
inconvenience?) 

f) Is there any fire or health hazard that will be precipitated by an electrical fault or a 
power loss? 

g) Is any equipment vulnerable to voltage dips or surges? 


The answers to these and similar questions, if properly asked, can and will result in savings to 
the industrial user (but only if they are acted upon). 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 4.8. 
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A question at this point should be, “How do I get started?” However, another question could 
be, “Why bother?” The answer to the former question is covered in this chapter, and the 
answer to the latter question is based on the following analogy. When preparing for a long 
trip, a motorist will make sure that their car is in good working condition before leaving. The 
motorist will check the brakes, engine, transmission, tires, exhaust system, etc., to see that 
they are in good condition and make the required repairs. For the motorist knows that “on- 
the-road” breakdowns and failures are expensive, time consuming, and can be hazardous. In 
an industrial plant, an unplanned electrical failure will consume valuable production time as 
well as dollars and may cause injury to personnel. Circuit breakers, relays, meters, transform- 
ers, Wireways, etc., need periodic checks and preventive maintenance (see Chapter 5) to 
improve the likelihood of trouble-free performance. Some plants have been shut down com- 
pletely by events such as a ballast failure. These “shutdowns” are commonly caused by 
improper settings in protective devices, circuit breaker contacts that were welded shut, or 
relays that were not set (or did not react) properly. This chapter shows the plant engineer how 
to minimize downtime by analyzing the system. 


4.2 Utility supply availability 


Loss of incoming power will cause an interruption to critical areas unless alternate power 
sources are available. Therefore, the reliability of the incoming power is of paramount impor- 
tance to the plant engineer. It can be stated that different plants and even circuits within a 
plant vary in their response to loss of power. In some cases, production will not be signifi- 
cantly affected by a 10 min power interruption. In other cases, a 10 ms interruption will cause 
significant loss. The plant engineer should assess the plant’s vulnerability and convey his or 
her requirements to the local utility (as well as to his or her own management). (See 2.2 of 
Chapter 2 for information on economic loss vs. unavailability of incoming power.) 


The local utility should be able to supply a listing of the number, type, and duration of power 
interruptions over the preceding three to five year period. The utility should also be able to 
predict the future average performance based on its historical data and planned construction 
projects. In addition, the utility may be able to supply the “feeder” performance of other 
circuits near the facility under investigation. A second alternative would be to obtain a dia- 
gram of the utility feed and evaluate its availability using Chapter 2 methods. As a last resort, 
the average numbers in this recommended practice will provide a good base (see Table 3-33). 


The utility’s history of interruptions can be compared with recorded plant dollar loss in 
verifying process vulnerability. By assigning a dollar loss to each interruption, it will be 
possible to determine a relationship between the duration of a power loss and a monetary loss 
for a particular industrial plant. When the actual outage cost is higher or lower than would be 
predicted, the cause of the deviation should be determined (that is, a 15 min power loss at a 
shift change will be less costly than one during peak production). With a refined cost formula 
in hand, the cost of available options vs. projected losses can be evaluated. 


Occasionally a plant experiences problems at times other than during a recorded outage. 
These problems may be caused by voltage dips (or, more rarely, voltage surges) that are diffi- 
cult to trace. With problems such as these, it is necessary to begin recording the exact date 
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and time of these occurrences and ask the utility to search for faults or other system distur- 
bances at (or near) the specific times that they have been recorded. It would be wise to convey 
the fault times to the utility reasonably soon after the fault (that is, call the following day). It 
must be emphasized that unless these problems are significant in terms of dollars lost, safety, 
or frequency (that is, every other day), it is not reasonable to pursue the cause of voltage dips 
since they are a natural phenomenon in the expansive system operated by a utility. Frequent 
dips can be caused by large motor starts, welder inrush, or intermittent faults in the plant’s 
distribution system (or even by a neighbor’s system). 


It is also reasonable to cover “what if’ questions with the utility and to weigh their answers in 
any supply decision. A list of questions include 


a) How long will the plant be without power if 

1) The main transformer fails? 

2) The feed to the main transformer fails? 

3) The pole supporting the plant feed is struck by a vehicle and downed? 
4) The utility main line fuse or protector interrupts? 

5) The utility main feed breaker opens for a fault? 

6) The utility substation transformer fails? 

7) The utility substation feeds are interrupted? 

b) What kind of response time can be expected from the utility for loss of power 

1) During a lightning storm? 

2) During a low trouble period (that is, under “normal” conditions)? 

3) During a snow or ice storm? 

4) During a heat storm (that is, during long periods of high temperatures)? 

c) | What should be done when the plant experiences an interruption? 

1) Who should be called? A name and number should be made available to all 
responsible personnel. Alternates and their numbers should also be included. 

2) What information should be given to those called? 

3) How should plant people be trained to respond? 

4) Can plant personnel restore power by switching utility lines, and who should be 
contacted to obtain permission to switch? 

d) Are there any better performing feeds near the plant, and what is the cost of extend- 
ing them to the plant? (That is, is a spare feed available and what is the cost to make 
it available?) 

1) Is this additional feed from the same station or from another station? 

2) What is the probability (frequency and duration) of both the main and the spare 
feeds being interrupted simultaneously? 

3) What is the reliability improvement obtained from the additional (or alternate) 
feed? 

e) Will the utility’s protective equipment coordinate with the plant’s service circuit 
breaker? If not, what can be done to coordinate these series protective devices? 

f) | What is the available short-circuit current, and are there plans to change the system 
so as to affect the short-circuit current? 


The above questions may not apply to all plants, but should be matched with specific plant 
requirements. 
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There is an important fact to consider when a multiple-ended feed is being considered. While 
service is maintained for a loss of one of the feeds, a voltage depression will be seen until the 
fault is cleared by proper relay action. Therefore, the plant will see a voltage dip for any faults 
on all incoming feeds. If the plant is affected with equal severity by either a voltage dip or a 
short-duration (several seconds) interruption, a multiple-ended supply (with secondary tie) 
may actually worsen plant reliability. This is just one example of the need to carefully evalu- 
ate the current supply situation in conjunction with the net improvement of various proposals. 


4.3 Where to begin—the plant one-line diagram 


The “blueprint” for electrical analysis is the one-line diagram. The existence of a one-line 
diagram is essential for any plant electrical engineer, manager, or operator. It is the “road 
map” to any part of the electric system. In fact, a one-line diagram should exist (or be pre- 
pared) even if the ensuing analysis is not done. 


The one-line diagram should begin at the incoming power supply. Standard IEEE symbols 
should be used in representing electrical components (see IEEE Std 315-1975 [B3]). It is 
usually impractical to show all circuits in a plant on a single schematic; so the initial one-line 
diagram should show only major components, circuits, and panels. More detailed analysis 
may be required in critical areas (described later), and additional one-line diagrams should be 
prepared for these areas as required. 


Since an analysis is being made from the one-line diagram, the type, size, and rating of each 
device as well as its unavailability should be shown on the diagram. The diagram should 
include at least the following information: 


— Incoming lines (voltage and size—capacity and rating) 

— Generators (in plant) 

— Incoming main fuses, potheads, cutouts, switches and main and tie breakers 

— _ Power transformers (rating, winding connection, and grounding means) 

— _ Feeder breakers and fused switches 

— Relays (function, use, and type) 

— Potential transformers (size, type, and ratio) 

— Current transformers (size, type, and ratio) 

— Control transformers 

— All main cable and wire runs with their associated isolating switches and potheads 
(size and length of run) 

— All substations, including integral relays and main panels and the exact nature of the 
load in each feeder and on each substation 


The one-line diagram may show planned, as well as actual, feeder circuit breaker and sub- 
station loads (actual measurements should be taken). In most industrial plants, load is added 
(or deleted) in small increments, and the net effect is not always seen until some part of the 
system becomes overloaded (or underloaded). Many times, circuits are added without appro- 
priate modification of the standard settings on the associated upstream circuit breakers. In 
addition, original designs may not have included special attention to the critical areas of 
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production. With these thoughts in mind, the following information should be added to the 
one-line diagram: 


— The original system should be identified. The exact nature of the new loads and their 
approximate locations should be noted. 

— Critical areas of the system should be highlighted. 

— The component reliability numbers from Chapter 3 should be inserted so that the reli- 
ability performance of the plant can be analyzed on an “if new’ basis. (It is preferable 
to use numbers indigenous to a particular plant whenever this information is available.) 


The above information may be too voluminous for clear representation on a single drawing. It 
may, therefore, be advantageous to include the incoming supply and main feeder circuit 
breakers (at least) and even major equipment (very large motors or groups requiring the entire 
capacity of a main feeder position) on one diagram. The load end of the feeders can be 
detailed on one or more subsequent drawings. After completion of the one-line diagrams, a 
comprehensive analysis can begin. However, the general inspection covered in 4.4 can, and 
should, be made concurrent with the preparation of a plant one-line diagram. 


The one-line diagram is a picture of an ever-changing electric system. The efforts in prepar- 
ing the diagram and analyzing the system should, therefore, be augmented by a means to cap- 
ture new pictures of the system (or of proposed systems) as changes are made (or proposed). 
Therefore, a procedure should be formalized to ensure that all proposals undergo reliability 
scrutiny (as well as one-line diagram update), and that their effect on the total system is ana- 
lyzed before the proposal is approved. This process not only maintains the integrity, but it 
also minimizes expense by more effective utilization of existing electrical facilities. 


4.4 Plant reliability analysis 


An inspection analysis of the physical condition of a plant’s distribution system can be uti- 
lized (hopefully on a continual basis) to improve plant reliability (see Chapter 5). The follow- 
ing inspection requires little, if any, capital investment while providing a favorable increase in 
reliability: 


a) | Equipment should be periodically checked for proper condition, and programs should 
be initiated for preventive maintenance procedures as required. (See Chapter 5 for 
further information.) 

1) Oil in transformers and circuit breakers should be periodically checked for min- 
eral, carbon, and water content as well as level and temperature. 

2) Molded case circuit breakers should be exercised periodically (that is, operated 
“on” to “off” to “on’). 

3) Terminals should be tightened. Each terminal should be inspected for discolora- 
tion (overheating), which is generally caused by either a bad connection or 
equipment overload. Cabinets, etc., should be checked for excessive warmth. 
Remember that circuit breakers and fuses interrupt as a result of heat in the over- 
load mode. 

4) Surge arresters should be checked for their readiness to operate. 
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b) _ Distribution centers should be checked to see that spare fuses are available. Spare cir- 
cuit breakers may also be necessary for odd sizes or special applications. 

c) Switches, disconnect switches, bus work, and grounds should be checked for corro- 
sion, and unintentional entry of water or corrosive foreign material. It may be wise to 
operate suspected switches to see that their mechanisms are free, so that faults can be 
properly isolated and switches safely re-fused. 

d) The mechanical part of the electrical system should be checked. 

1) The conduit, duct, cable tray, and busway systems should be well supported 
mechanically, and the grounding system should be electrically continuous. 
Employees can be shocked or injured if a circuit faults to ground without a solid 
continuous return path to the source interrupter. Supports, such as wood poles, 
should be checked for excessive rusting or rotting, which would significantly 
reduce their mechanical strength. 

2) Open wire circuits should be checked for insulator and surge arrester failure and 
contamination. 

3) The system’s key locations (open area distribution centers and lines) should be 
checked for foreign growth, such as trees, weeds, shrubs, etc., as well as for gen- 
eral accessibility. The distribution centers should be free from storage of trash, 
flammables, or even general plant inventory. 

4) Permanent and portable wiring should be checked for fraying or other loss of 
insulating value. 

5) In general, the system should be checked for any obvious situations where acci- 
dents could precipitate an interruption. 

e) The electrical supply room(s) should be thoroughly checked. 

1) The relay and control power fuses should be intact (not blown). 

2) All indicating lights should be operable and clearly visible. 

3) All targets should be reset so that none show a tripping. Counters (if any) should 
be checked and the count (number) should be recorded. 

4) The control power, batteries, emergency lighting, and emergency generation 
should be tested and checked to see that they are operational. In many cases, 
plants have been unable to transfer to their spare circuit or start their standby 
generator because of dead batteries. 

f) Switches, conduits, busways, and duct systems should be checked for overheating. 


This could be caused by overloaded equipment, severely unbalanced loads, or poor 
connections. 


4.5 Circuit analysis and action 


The first subsequent investigation, following completion of the plant one-line diagram is the 
analysis of the system to pinpoint design problems. Key critical or vulnerable areas, and over- 
dutied or improperly protected equipment can be located by the following procedure: 


a) 


84 


Assign faults to various points in the system and note their effect on the system. For 
example, assume that the cable supply to the air conditioning compressor failed. How 
long could operations continue? Is any production cooling involved? Are any 
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computer rooms cooled by this system? What would happen if a short circuit (or 
ground fault) occurred on the secondary terminals of a unit substation? Consideration 
should be given to relay action (including backup protection), service restoration pro- 
cedures, etc., in this “what if’ analysis. This review could be called a failure mode 
and effects analysis (FMEA). 


b) Calculate feeder loads to verify that all equipment is operating within its rating (do 
not forget current transformers and other auxiliary equipment). Graphic or demand 
ammeters (as required) should be used to gather up-to-date information. Fault duties 
should also be considered (see Chapter 5 in IEEE Std 141-1993 [B1]). 


c) Perform a relay coordination analysis (see IEEE Std 242-1986 [B2] or Chapter 4 in 
IEEE Std 141-1993 [B1]). 


1) Are the relays and fuses properly set or rated for the current load levels? 


2) Is there any new load that has reduced critical circuit reliability (or increased 
vulnerability)? 


Obviously, overloaded equipment should be replaced or load transferred so that the equip- 
ment can be operated well within its rating. The major projection points—outside the critical 
areas—should be capable of keeping the system intact by clearing faults and allowing the 
critical process to continue. The probability of jeopardizing the critical circuits by extraneous 
electrical faults should be minimized, either by physically isolating the critical circuits or by 
judicial use and proper maintenance of protective devices to electrically sever and isolate 
faults from critical circuits. 


With isolation criteria secure, the investigation should move to the critical circuits themselves 
to see that proper backup equipment is available and that restoration procedures are adequate. 
For example, a conveyer system with large rollers may have one motor for each roller, or 
several hundred motors. The failure rate is 0.0109 per unit year for the motors, or 2 motor 
failures can be expected annually for a plant with 200 motors. The typical downtime is 65 h 
(but could be less for this specific example). In this case, there should be a means of separat- 
ing the motor from the systems and allowing the conveyer system to continue operation (pos- 
sibly allowing the roller to idle until the end of a shift), and several spare motors should be 
available to minimize downtime. 


Most plants have a population of motors large enough to expect several failures per year. The 
large variety usually precludes the maintenance of a spare motor stock (although their avail- 
ability can be checked with local distributors). Highly critical nonstandard equipment may 
require spares. However, each component of the electric system should be viewed in its rela- 
tionship to the critical process and downtime. (Relay or fuse coordination again plays an 
important role here.) 


The worth of carrying spare parts should be carefully weighed when long process interrup- 
tions could result from a single component failure. 
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4.6 Other vulnerable areas 


In many plants, the major process is controlled by a small component. This component may 
be a rectifier system, a computer, or a magnetic or punched-tape system. The continuity of the 
electric feed to this controller is just as important to the process as the main machine itself. 
By proper application of power sources within the device (usually large banks of capacitors) 
or external uninterruptible power sources, the control can cause the equipment to go into a 
“safe-hold” position if the power source is interrupted. This continuity (availability) is 
important to note when thousands of dollars worth of products are being machined in one 
operation (such as in the aircraft industry). The accuracy and efficacy of a computer or a 
computer-based process is directly related to the “quality” of its environment. This quality is 
determined by more than just the continuity of the electric supply. Voltage dips, line noise, 
ineffective grounding, extraneous electrical and magnetic fields, temperature changes, and 
even excessively high humidity can adversely affect the accuracy of a computer (or to a lesser 
extent, a microprocessor). To minimize the probability of errors, the computer should be 
properly shielded and grounded. It may even be beneficial to install a continuous uninterrupt- 
ible power supply or transient suppressor equipment on computer circuits where the 
controlled process is critical. 


Testing facilities should have a backup power supply where interruptions could abort long- 
term testing (that is, tests that span large periods of time). It is important to note that only 
sufficient power need be supplied to operate the test itself. 


Another area of importance is the lighting required for safe operation of the machines. A fail- 
ure in a particular lighting circuit may reduce the area lighting to a level below what is 
necessary to maintain a safe watch over production. Two means of overcoming this 
vulnerability are 


a) Emergency task lighting; and 
b) Sufficient lighting such that a single circuit outage does not reduce lighting to an 
unacceptable level. 


Another important lighting consideration is the fact that some metal halide lights (HID) 
require as long as 15 min to restart after being extinguished. Since even severe voltage dips 
can extinguish this type of lighting (a dip that may go virtually unnoticed by production 
equipment), supplementary lighting is necessary when the HID is a primary source of illumi- 
nation. Other new high output lamps will restart in 1 to 6 min, but this too can cause 
production problems. 


Air, oil, and water systems are frequently important auxiliary inputs upon which production 
depends. A compressor outage can, for example, cause significant production loss. While fail- 
ures in these systems are usually mechanical in nature, electrical failures are not uncommon. 
Pumps are often integral parts of the cooling system in large transformers or even in rectifier 
circuits, and loss of coolant circulation could either shut down the equipment or significantly 
reduce production output. Therefore, pumps should be well maintained (mechanically and 
electrically) when they comprise a significant part of the system, and spare parts may be a 
wise investment. Ventilation can also be critical to cooling, and ventilator fans are often 
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neglected—until they fail. Hence, periodic maintenance and/or spare ventilator motors may 
be a good investment. 


Some plants rely on a single cable to supply their entire electrical requirements, and many 
plants rely on single cables for major blocks of load. In these cases, it may be prudent to take 
several precautionary steps. One possible step would be the periodic testing of cables (see 
Lee [B5]). Another measure would be the use of spare cables or the storage of a single 
“portable” cable with permanently made ends (and provisions for installing the portable cable 
at the various cable terminations in the plant distribution system). Lastly, advance (docu- 
mented) arrangements could be made with a local contractor or the local utility for use of 
their portable cables (and/or services) on an emergency basis. 


Premature equipment failure can result from electrical potential that is either too high, too 
low, excessively harmonic laden, or unbalanced (and also a combination of any or all of 
these). Voltage tolerances are fairly well established by NEMA and ANSI. However, in 
(Linders [B6]), a means is provided to evaluate a situation where more than one area deviates 
from rating. It must be noted that some situations are offsetting, such as a high voltage (less 
than 10% high) and unbalanced voltage. 


It is important to record and log voltage levels (of all three phases) at various strategic points 
on a periodic basis (that is, annually) and to occasionally determine the harmonic content in 
the plant’s distribution system. The widespread use of solid-state switching devices has 
caused an increase in harmonic content in the plant power, but it has been unofficially 
reported that such devices must approach 50% of the plant load before significantly detrimen- 
tal effects occur. However, the engineer must look at harmonic content in conjunction with 
other criteria to determine whether there is cause for a significant loss of life in his or her 
equipment. Filter circuits are generally used to remove harmful harmonics, and their nature is 
beyond the scope of this recommended practice. Fluorescent lighting also produces 
harmonics, but these harmonics are “blocked” by the use of delta—wye transformers. 


4.7 Conclusion 


The plant engineer should analyze his or her system electrically and physically and inquire 
about the utility’s system. In this analysis, the engineer should 


a) See that faults are properly isolated and that critical loads are not vulnerable to inter- 
ruption or delayed repair. 

b) Analyze the critical areas and evaluate the need for special restoration equipment, 
spare parts, or procedures. 

c) Based on probability and economic analysis, make capital or preventive maintenance 
investments as indicated by the analysis. 

d) Make carefully documented contingency (catastrophe) plans. 

e) Check the quality of the power supply from the utility and throughout the plant to 
determine if the equipment is vulnerable to premature failure. 

f) | Develop preventive maintenance, checking, and logging procedures to ensure contin- 
uous optimum reliability performance of the plant. 
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Chapter 5 
Electrical preventive maintenance 


5.1 Introduction 


The objective of this chapter is to examine the “why” of electrical preventive maintenance 
and the role it plays in the reliability of distribution systems for industrial plants and commer- 
cial buildings. Details of “when” and “how” can be obtained from other sources (see NFPA 
70B-1994 [B6], Curdts [B7], Factory Mutual Systems Transformer Bulletin [B8], Hubert 
[B10], IEEE Committee Report [B11], Maintenance Hints [B12], Miller [B13], Shaw [B14], 
and Smeaton [B15]).! 


Of the many factors involved in reliability, electrical preventive maintenance often receives 
meager emphasis in the design phase and operation of electric distribution systems when it 
can be a key factor in high reliability. Large expenditures for electric systems are made to 
provide the desired reliability; however, failure to provide timely, high-quality preventive 
maintenance leads to system or component malfunction or failure and prevents obtaining the 
intended design goal. 


5.2 Definitions 


The following terms, defined in Chapter 1, should be used in conjunction with this chapter: 
electrical equipment and electrical preventive maintenance. 


5.3 Relationship of maintenance practice and equipment failure 


The Reliability Subcommittee of the IEEE Industrial and Commercial Power Systems 
Committee published the results of a survey that included the effect of maintenance quality on 
the reliability of electrical equipment in industrial plants (see IEEE Committee Report [B11]). 
Each participant in the survey was asked to give their opinion of the maintenance quality in his 
or her plant. A major portion of the electrical equipment covered in the survey had a 
maintenance quality that was classed as “excellent” or “fair.” Interestingly, maintenance qual- 
ity had a significant effect on the percentage of all failures blamed on “inadequate mainte- 
nance.” 


As shown in Table 5-1, of the 1469 failures reported from all causes, “inadequate mainte- 
nance” was blamed for 240, or 16.4% of all the failures. 


The IEEE data also showed that “months since maintenance” is an important parameter when 
analyzing failure data of electrical equipment. Table 5-2 shows data of failures caused by 
inadequate maintenance for circuit breakers, motors, open wire, transformers, and all 


equipment classes combined. The percent of failures blamed on “inadequate maintenance” 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 5.6. 
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Table 5-1—Number of failures vs. maintenance quality 
for all equipment classes combined 


f fail 
UMD EL Ob SaUMTeS Percent of failures 


due to inadequate 
maintenance 


Maintenance 
quality All Inadequate 
causes maintenance 


Excellent 


Fair 


Poor 


None 


Total 


shows a close correlation with “failure, months since maintained.” 


Table 5-2—Percentage of failure caused from inadequate 
maintenance vs. month since maintained 


All 
electrical 
equipment 
classes 
combined 


Circuit Trans- 
breakers formers 


Failure, 
(months maintained) 


Less than 12 months ago 


12-24 months ago 


More than 24 months ago 


Total 


“Small sample size; less than seven failures caused by inadequate maintenance. 


From the IEEE data obtained, it was possible to calculate “failure rate multipliers” for trans- 
formers, circuit breakers, and motors based upon “maintenance quality.” These “failure rate 
multipliers” are shown in Table 5-3 and can be used to adjust the equipment failure rates 
shown in Chapter 3. “Perfect” maintenance quality has zero failures caused by inadequate 
maintenance. 
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Table 5-3—Equipment failure rate multipliers vs. maintenance quality 


Maintenance quality Transformers Circuit breakers Motors 


Excellent 


Fair 


Poor 


All 


Perfect maintenance 


5.4 Design for electrical preventive maintenance 


Electrical preventive maintenance should be a prime consideration for any new electrical 
equipment installation. Quality, installation, configuration, and application are fundamental 
prerequisites in attaining a satisfactory preventive maintenance program. A system that is not 
adequately engineered, designed, and constructed will not provide reliable service, regardless 
of how good or how much preventive maintenance is accomplished. 


One of the first requirements in establishing a satisfactory and effective preventive mainte- 
nance program is to have good quality electrical equipment that is properly installed. Exam- 
ples of this are as follows: 


a) Large exterior bolted covers on switchgear or large motor terminal compartments are 
not conducive to routine electrical preventive maintenance inspections, cleaning, and 
testing. Hinged and gasketed doors with a three-point locking system would be much 
more satisfactory. 


b) Space heater installation in switchgear or an electric motor is a vital necessity in high 
humidity areas. This reduces condensation on critical insulation components. The 
installation of ammeters in the heater circuit is an added tool for operating or mainte- 
nance personnel to monitor their operation. 


c) Motor insulation temperatures can be monitored by use of resistance temperature 
detectors, which provide an alarm indication at a selected temperature (depending on 
the insulation class). Such monitoring indicates that the motor is dirty and/or air pas- 
sages are plugged. 


The distribution system configuration and features should be such that maintenance work is 
permitted without load interruption or with only minimal loss of availability. Often, equip- 
ment preventive maintenance is not done or is deferred because load interruption is required 
to acritical load or to a portion of the distribution system. This may require the installation of 
alternate electrical equipment and circuits to permit routine or emergency maintenance on 
one circuit while the other one supplies the critical load that cannot be shutdown. 
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Electrical equipment that is improperly applied will not give reliable service regardless of 
how good or how much preventive maintenance is accomplished. The most reasonably 
accepted measure is to make a corrective modification. 


5.5 Electrical equipment preventive maintenance 


Electrical equipment deterioration is normal. However, if unchecked, the deterioration can 
progress and cause malfunction or an electrical failure. Electrical equipment preventive main- 
tenance procedures should be developed to accomplish four basic functions: to keep the 
equipment clean, dry, and sealed tight, and to minimize the friction. Water, dust, high or low 
ambient temperature, high humidity, vibration, component quality, and countless other condi- 
tions can affect proper operation of electrical equipment. Without an effective electrical pre- 
ventive maintenance program the risk of a serious electrical failure increases. 


A common cause of electrical failure is dust and dirt accumulation and the presence of mois- 
ture. This can be in the form of lint, chemical dust, day-to-day accumulation of oil mist and 
dirt particles, etc. These deposits on the insulation, combined with oil and moisture, become 
conductors and are responsible for tracking and flashovers. Deposits of dirt can cause exces- 
sive heating and wear, and decrease apparatus life. Electrical apparatus should be operated in 
a dry atmosphere for best results, but this is often impossible; therefore, precautions should 
be established to minimize entrance of moisture. Moisture condensation in electrical appara- 
tus can cause copper or aluminum oxidation and connection failure. 


Loose connections are another cause of electrical failures. Electrical connections should be 
kept tight and dry. Creep or cold flow is a major cause of joint failure. Mounting hardware 
and other bolted parts should be checked during routine electrical equipment servicing. 


Friction can affect the freedom of movement of electrical devices and can result in serious 
failure or difficulty. Dirt on moving parts can cause sluggishness and improper electrical 
equipment operations such as arcing and burning. Checking the mechanical operation of 
devices and manually or electrically operating any device that seldom operates should be 
standard practice. 


Procedures and practices should be initiated to substantiate that electrical equipment is kept 
clean, dry, sealed tight, and with minimal friction by visual inspection, exercising, and proof 
testing. Electrical preventive maintenance should be accomplished on a regularly scheduled 
basis as determined by inspection experience and analysis of any failures that occur. 


An electrical preventive maintenance program certainly will not eliminate all failures, but it 
will minimize their occurrence. Some of the key elements in establishing a program are as 
follows: 


a) Establish an “equipment service library” consisting of bulletins, manuals, schemat- 
ics, parts lists, failure analysis reports, etc. The bulletins and manuals are normally 
provided by the electrical equipment manufacturer. Often they are not taken very 
seriously after equipment installation and are lost, misplaced, or discarded. It is 
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important to remember that this documentation is vital to develop electrical preven- 
tive maintenance procedures and to aid in training. 

b) In addition to the above documentation, each in-service failure should be thoroughly 
investigated and the cause determined and documented. Generally, it will be found 
that timely and adequate electrical preventive maintenance could have prevented the 
failure. If correctable by electrical preventive maintenance, the corrective action 
should be included on the work list. If the failure was caused by a weak component, 
then all identical equipment should be modified as soon as possible. “Failure analy- 
sis” plays a major part in an electrical preventive maintenance program. 

c) Provide the training necessary to accomplish the program that has been established. 
The techniques utilized in performance of an electrical preventive maintenance pro- 
gram are extremely important. The success or failure of it relies on the qualifications 
and know-how of the personnel performing the work; therefore, training in electrical 
preventive maintenance techniques is a major objective. Servicing of electrical equip- 
ment requires better-than-average skills and special training. Properly trained and 
adequately equipped maintenance personnel must have a very thorough knowledge of 
the equipment operation. They must be able to make a thorough inspection and also 
accomplish repairs. For example, special training in the use of the dc high-potential 
dielectric tests or megger tests as well as the interpretation of the results may be 
required. 

d) A good record system should be developed that will show the repairs required by 
equipment over a long period of time. On each regular inspection, variations from 
normal conditions should be noted. The frequency and magnitude of the work should 
then be increased or decreased according to an analysis of the data. Avoid performing 
too much maintenance work as this can contribute to failures. The records should 
reflect availability of spare parts, service attitude of equipment manufacturers, major 
equipment failures to date, and time required for repairs, etc. These records are not 
only useful in planning and scheduling electrical preventive maintenance work; they 
are also useful in evaluating equipment performance for future purchases. 
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Chapter 6 
Emergency and standby power 


6.1 Introduction 


Utilization equipment can be divided into four categories by the reliability requirements of 
the power supply: 


a) Data processing equipment that requires uninterrupted power 

b) Safety equipment defined by codes that requires power restoration in seconds 
c) Critical equipment that can tolerate an interruption of minutes 

d) Noncritical equipment that accepts utility interruption times 


6.2 Interruption frequency and duration 


In the industrial sector, an evaluation of each piece of utilization equipment must be made to 
determine actual needs. The difference between interruption frequency and duration of sup- 
ply power must be clearly understood. Interruption frequency is the “expected (average) 
number of power interruptions to a load per unit time, usually expressed as interruptions per 
year.” Expected interruption duration is the “average duration of a single load interruption 
event.” Interruption frequency and duration requirements for control power to a computer 
control system would certainly be greater than those for a room air conditioner. 


Many power-consuming operations require a very low interruption frequency with much less 
concern for interruption duration. A power failure during the vulcanizing cycle of a rubber 
manufacturing process will cause loss of steam and errors in the time/temperature control for 
proper curing. This results in the product being scrapped. The difference in loss between a 
power failure of 1 min duration and one of 30 min duration is minimal. Thus, a power system 
that experiences 2 failures of 30 min each is more desirable that a system that experience 
6 power failures of | min each. 


6.3 Equipment selection 


The components for providing power to utilization equipment to meet reliability require- 
ments exceeding the utility supply include the following: 


a) Inverter, batteries 

b) Gas turbine or engine-generator sets 

c) Transfer switches 

d) Static or rotary uninterruptible power supplies 


These components are usually employed in redundant configurations to ensure availability 
when components are out for maintenance, and in case of failure. 
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6.4 Descriptions and applications of available components 


The following information contains data on some commonly used components for emergency 
and standby power systems. 


6.4.1 Engine-driven generators 


These units are available in sizes from 1 kW to several thousand kilowatts. Fuels commonly 
used are diesel, oil, gasoline, and natural or liquefied petroleum (LP) gas. If kept warm, they 
will come dependably on line in 8 to 15 s. Diesel units are generally heavier duty, have less 
costly fuel, and have lower fire danger than gasoline units. Gasoline-driven units range up to 
a 100 kW and have a lower initial cost than diesel sets. Natural and LP gas engines provide 
quick starting after long shutdown periods because of the inherently fresh fuel. Engine-driven 
generators are used 


a) Where utility power is not available. 


b) Where an emergency generator is required by code for elevators, emergency lighting, 
and health care facilities. 


c)  Inconjunction with uninterruptible power supplies. 
6.4.2 Turbine-driven generators 


Two types of turbines can be used for prime movers: either steam or gas. Since steam is 
generally not available when a power failure has occurred, only the gas prime mover will be 
discussed. 


Gas turbines can utilize various grades of oil as well as natural and propane gas. Sizes gener- 
ally range from 100 kW to several thousand kilowatts. Gas turbine generators can be placed 
on line in 20 s for smaller units and in up to several minutes for larger units. They can more 
easily be rooftop mounted since their physical size and weight per kilowatt are less than for 
engine-driven units. Turbine-drive generator applications are interchangeable with engine- 
drive generators. 


6.4.3 Mechanical stored-energy systems 


This type of system is comprised of a rotating flywheel that converts its rotating kinetic 
energy into electric power, as shown in Figure 6-1. It is generally applied as an on-line sys- 
tem. Depending on the frequency requirements of the load, a typical mechanical-stored 
energy system can ride through a power failure for up to 2 s. Thus, its main use is as a buffer 
to mechanically filter out transients. 


A supply time of 15 s can be attained by using an eddy current clutch and driving the fly- 
wheel at a higher speed than the generator it operates. This type of system may allow an 
engine-driven prime mover to come up to speed, either to drive a separate generator or to 
maintain the speed of the flywheel and its associated generator, as illustrated in Figure 6-2. 
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Figure 6-1—Simple inertia-driven “ride through” system 


FLYWHEEL 
EDDY CURRENT 


CLUTCH 


CRITICAL 
CN LOAD 
AC POWER 


AC INPUT __ — in 
POWER 


MOTOR ALTERNATOR 


FREQUENCY 
CONTROL 


Figure 6-2—Constant frequency inertia system 


6.4.4 Inverter/battery systems 


A simple off-line inverter system is shown in Figure 6-3. The static transfer switch enables 
the system to limit the power interruption to less than 8 ms. 


The most widely used system for supplying uninterruptible power is shown in Figure 6-4. 
The load is basically free of power interruptions, transient disturbances, and voltage and fre- 
quency variations. A failure of the inverter will cause a loss of power until the inverter is 
repaired or until prime power can be connected directly to the load. The system is usually 
equipped with a static bypass switch that protects the system against inverter failure. 


A redundant uninterruptible power supply with static switches to clear a faulted inverter is 
shown in Figure 6-5. The batteries for this system are required to supply power only until the 
diesel generators can be placed on line. The “redundant uninterruptible power supply” is 
more reliable than the “nonredundant uninterruptible power supply” shown in Figure 6-4. 


The redundant uninterruptible power supply systems illustrated in Figure 6-5 are often built 
with up to four modules, where three modules can carry the load. 
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Figure 6-3—Short interruption static inverter system 


STATIC. 
BYPASS 


RECTIFIER STATIC STATIC. 
INVERTER SWITCH 


AC INPUT POWER 


Yo 
ae 
oo 
20 
ao 
5 
wg 
—_ 
25> 
ZO 
= 


BATTERY 


Figure 6-4—Nonredundant uninterruptible power supply 


98 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
EMERGENCY AND STANDBY POWER Std 493-1997 


DC BUS 
NO. 1 NO. 1 
RECTIFIER INVERTER 
RECTIFIER INVERTER 
. SWITCH 
NO. 3 NO. 3 
RECTIFIER INVERTER 


(s) BATTERY 
DIESEL GENERATORS 
AS) 


Figure 6-5—Redundant uninterruptible power supply 
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6.4.5 Mechanical uninterruptible power supplies 
Figure 6-6 shows a typical rotating uninterruptible power supply. The basic set consists of a 


synchronous motor driving a synchronous generator. In case of a power failure, an inverter 
supplied from a battery provides the power for the motor until utility power is restored. 
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Figure 6-6—Rotating uninterruptible power supply 
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6.5 Selection and application data 

The figures and system descriptions presented here are only a few of the many types of sys- 
tems and hybrid systems available. For comprehensive selection and application data, see 
TEEE Std 446-1995 [B1]. 
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Chapter 7 
Examples of reliability analysis and cost evaluation 


7.1 Examples of reliability and availability analysis of common 
low-voltage industrial power distribution systems 


7.1.1 Quantitative reliability and availability predictions 


In this chapter, a description is given of how to make quantitative reliability and availability 
predictions for proposed new configurations of industrial power distribution systems. Seven 
examples are worked out, including a simple radial system, a primary-selective system, and a 
secondary-selective system. A brief tabulation is also given of pertinent reliability data 
needed in order to make the reliability and availability predictions. The simple radial system 
analyzed had an average number of forced hours of downtime per year that was 19 times 
larger than a secondary-selective system; the failure rate was six times larger. The importance 
of two separate power supply sources from the electric utility has been identified and ana- 
lyzed. This approach could be used to assist in cost/reliability trade-off decisions in the 
design of the power distribution system. 


7.1.2 Introduction 


An industrial power distribution system may receive power at 13.8 kV from an electric utility 
and then distribute the power throughout the plant for use at the various locations. One of the 
questions often raised during the design of the power distribution system is whether there is a 
way of making a quantitative comparison of the failure rate and the forced hours downtime 
per year of a secondary-selective system with a primary-selective system and a simple radial 
system. This comparison could be used in cost/reliability and cost/availability trade-off deci- 
sions in the design of the power distribution system. The estimated cost of power outages at 
the various plant locations could be factored into the decision as to which type of power dis- 
tribution system to use. The decisions could be based upon “total owning cost over the useful 
life of the equipment” rather than “first cost.” 


Seven examples of common low-voltage industrial power distribution systems are analyzed 
in this chapter: 


— Example 1—Simple radial system 

— Example 2—Primary-selective system to 13.8 kV utility supply 

— Example 3—Primary-selective system to load side of 13.8 kV circuit breaker 
— Example 4—Primary-selective system to primary of transformer 

— Example 5—Secondary selective system 

— Example 6—Simple radial system with spares 

— Example 7—Simple radial system with cogeneration 


Only forced outages of the electrical equipment are considered in the seven examples. It is 
assumed that scheduled maintenance will be performed at times when 480 V power output is 
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not needed. The frequency of scheduled outages and the average duration can be estimated, 
and, if necessary, these can be added to the forced outages given in the seven examples. 


When making a reliability study, it is necessary to define what a failure of the 480 V power is. 
Some of the failure definitions for 480 V power that are often used are as follows: 


a) Complete loss of incoming power for more than | cycle 
b) Complete loss of incoming power for more than 10 cycles 
c) Complete loss of incoming power for more than 5 s 

d) Complete loss of incoming power for more than 2 min 


Definition c) will be used in the seven examples given. This definition of failure can have an 
effect in determining the necessary speed of automatic throwover equipment that is used in 
primary-selective or secondary-selective systems. In some cases, when making reliability 
studies, it might be necessary to further define what is a “complete loss of incoming power”; 
for example, “voltage drops below 70%.” 


One of the main benefits of a reliability and availability analysis is that a disciplined look is 
taken at the alternative choices in the design of the power distribution system. By using pub- 
lished reliability data collected by a technical society from industrial plants, the best possible 
attempt is made to use historical experience to aid in the design of the new system. 


7.1.3 Definition of terminology 


The definition of terms is given in Chapter 1 and 2.1.3. The units that are being used for “fail- 
ure rate” and “average downtime per failure” are 


X is the failure rate (failures per year); and 

r is the average downtime per failure (hours per failure equals average time to repair or 
replace a piece of equipment after a failure). In some cases, this is the time to switch 
to an alternate circuit when one is available. 


7.1.4 Procedure for reliability and availability analysis 


The “minimal cut-set” method for system reliability evaluation is described in 2.1.6, 2.1.8, 
and 2.1.9. The quantitative reliability indexes that are used in the seven examples are the fail- 
ure rate and the forced hours downtime per year. These are calculated at the 480 V point of 
use in each example. The failure rate 4 is a measure of unreliability. The product Av, (failure 
rate X average downtime per failure) is equal to the forced hours downtime per year and can 
be considered a measure of forced unavailability, since a scale factor of 8760 converts one 
quantity into the other. The average downtime per failure r could be called “restorability.” 


The necessary formulas for calculating the reliability indexes of the minimal cut-set approach 
are given in Equations (2-1) and (2-2) in 2.1.9 and Equations (2-5) and (2-6) in 2.1.11.1.A 
sample using these formulas is shown in Figure 7-1 for two components in series and two 
components in parallel. In these samples the scheduled outages are assumed to be 0 and the 


102 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
EXAMPLES OF RELIABILITY ANALYSIS AND COST EVALUATION Std 493-1997 


Ss = Ar t+Ag 
Ss%s = M171 + Age 


_ Ary + A2Pe 
dy + Xe 


(a) Reparable components in series (both must work for success) 


_ Asd4(s + 14) 


Sp = 8760 
_ Asrs(Aara) 
Jo = —~9760 
1314 


és 
Po gt 


(b) Reparable components in parallel (one or both must work for success) 


Nomenclature: 
f = Frequency of failures 
X= Failures per year 
r = Average hours of downtime per failure 
Ss = Series 
Dp = Parallel 


Aar x 
33 and 4 are less 


7 
NOTE—There formulas are approximate and should only be used when both 3760 a ra 


than 0.01. 


Figure 7-1—Formulas for reliability calculations 
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units for A and r are, respectively, failures per year and hours downtime per failure. The 
formulas in Figure 7-1 assume the following: 


a) The component failure rate is constant with age. 

b) The outage time after a failure has an exponential distribution. (Probability of outage 
time exceeding t is €°™”’). 

c) Each failure event is independent of any other failure event. 

d) The component “up” times are much larger than “down” times: 


NE G6) 
8760 ~~ 


The reliability data to be used for the electrical equipment and the electric utility supply are 
given in 7.1.5. 


7.1.5 Reliability data from 1973-75 IEEE surveys 


In order to make a reliability and availability analysis of a power distribution system, it is 
necessary to have data on the reliability of each component of electrical equipment used in 
the system. Ideally, these reliability data should come from field use of the same type of 
equipment under similar environmental conditions and similar stress levels. In addition, there 
should be a sufficient number of field failures in order to represent an adequate sample size. It 
is believed that eight field failures are the minimum number necessary in order to have a rea- 
sonable chance of determining a failure rate to within a factor of 2. The types of reliability 
data needed on each component of electrical equipment are 


— Failure rate (failures per year) 
— Average downtime to repair or replace a piece of equipment after a failure (hours per 
failure) 


These reliability data on each component of electrical equipment can then be used to repre- 
sent historical experience for use in cost/reliability and cost/availability trade-off studies in 
the design of new power distribution systems. 


From 1973-1975, the Power Systems Reliability Subcommittee of the Industrial and Com- 
mercial Power Systems Committee conducted and published surveys of electrical equipment 
reliability in industrial plants (see IEEE Committee Reports [B7], [B8]). See Appendixes A, 
B, and D for the data. See Chapter 3 for a summary of these data and data from later surveys. 
These reliability surveys of electrical equipment and electric utility power supplies were 
extensive. The pertinent failure rate and average downtime per failure information for the 
electrical equipment are given in Table 7-1. In compiling these data, a failure was defined as 
any trouble with a power system component that causes any of the following effects: 


— Partial or complete plant shutdown, or below-standard plant operation 

— Unacceptable performance of user’s equipment 

— _ Operation of the electrical protective relaying or emergency operation of the plant 
electric system 

—  De-energization of any electric circuit or equipment 
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Table 7-1—Reliability data from 1973-74 IEEE reliability survey 
of industrial plants (See IEEE Committee Report [B8])' 


A, 
forced Data source 
hours of in IEEE 
down- survey [B8] 
time per Table 
year 


Yr, 

A, hours of 
Equipment category failures down- 
per year | time per 
failure 


Protective relays 


Metalclad drawout circuit breakers 
0-600 V 
Above 600 V 
Above 600 V 


Power cables (1000 circuit ft) 
0-600 V, above ground 0.00141 
601-15 000 V, conduit below ground 0.00613 
601-15 000 V, conduit below ground 0.00613 


Cable terminations 
0-600 V, above ground 
601-15 000 V, conduit below ground 


Disconnect switches enclosed 


Transformers 
601-15 000 V 
601-15 000 V 


Switchgear bus—bare 
0-600 V (connected to 7 breakers) 
0-600 V (connected to 5 breakers) 


Switchgear bus—insulated 
601-15 000 V (connected to 1 breaker) 0.0911 
601-15 000 V (connected to 2 breakers) ; 0.1822 
601-15 000 V (connected to 3 breakers) 0.2733 


Gas turbine generator ; 32.4000 Appendix L, 
Table III 


*Repair failed unit. 
bReplace with spare. 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 7.3. 
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A failure on a public utility supply system may cause the user to have either of the following: 


— _ A power interruption or loss of service 
— A deviation from normal voltage or frequency outside the normal utility profile 


A failure of an in-plant component causes a forced outage of a component; that is, the com- 
ponent is unable to perform its intended function until it is repaired or replaced. The terms 
“failure” and “forced outage” are often used synonymously. 


In addition to the reliability data for electrical equipment shown in Table 7-1, there are some 
“failure modes” of circuit breakers that require backup protective equipment to operate, for 
example, “failed to trip” or “failed to interrupt.’ Both of these failure modes would require 
that a circuit breaker farther up the line be opened, and this would result in a larger part of the 
power distribution system being disconnected. Reliability data on the “failure modes of cir- 
cuit breakers” are shown in Table 7-2. These data are used for the 480 V circuit breakers in all 
seven examples discussed in this chapter. It will be assumed that the “flashed over while 
open” failure mode for circuit breakers and disconnect switches has a failure rate of 0. 


Table 7-2—Failure modes of circuit breakers 
Percentage of total failures in each failure mode (See Table 3-27) 


Percentage of total failures (all voltages) Failure characteristic 


Backup protective equipment required 
Failed while opening 


Other circuit breaker failures 

Damaged while successfully opening 

Failed while in service (not while opening or 
closing) 

Failed to close when it should 

Damaged while closing 

Opened when it shouldn’t 

Failed during testing or maintenance 

Damage discovered during testing or 
maintenance 

Other 


Total percentage 


The failure rate and average downtime per failure data for the electric utility power supplies 
are given in Table 7-3. This includes both single-circuit and double-circuit reliability data. 
The two power sources in a double-circuit utility supply are not completely independent, and 
the reliability and availability analysis must take this into consideration. This subject is dis- 
cussed further in 7.1.16. 
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Table 7-3—IEEE survey of reliability of electric utility 
power supplies to industrial plants 
(See Table 3-31) 


1 r, MY 

7 hours of forced hours 
downtime of downtime 
per failure per year 


Number of circuits (all voltages) failures per 
year 


Single circuit 


Double circuit 
Loss of both circuits* 
Calculated value for loss of Source | 
(while Source 2 is OK) 


‘Data for double circuits had all circuit breakers closed. 
‘Manual switchover time of 9 min to source 2. 


7.1.6 Example 1—Reliability and availability analysis of a simple radial system 
7.1.6.1 Description of simple radial system 


A simple radial system is shown in Figure 7-2. Power is received at 13.8 kV from the electric 
utility. Then it goes through a 13.8 kV circuit breaker inside the industrial plant, 600 ft of 
cable in underground conduit, an enclosed disconnect switch, to a transformer that reduces 
the voltage to 480 V then through a 480 V main circuit breaker, a second 480 V circuit 
breaker, 300 ft of cable in above ground conduit, to the point where the power is used in the 
industrial plant. 


7.1.6.2 Results—Simple radial system 


The results from the reliability and availability calculations are given in Table 7-4. The failure 
rate and the forced hours downtime per year are calculated at the 480 V point of use. 


The relative ranking of how each component contributes to the failure rate is of considerable 
interest. This is tabulated in Table 7-5. 


The relative ranking of how each component contributes to the forced hours downtime per 
year is also of considerable interest. This is given in Table 7-6. 


It might be expected that the power distribution system would be shut down once every two 
years for scheduled maintenance for a period of 24 hours. These shutdowns would be in addi- 
tion to the outage data given in Tables 7-4 and 7-5. 
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Figure 7-2—Simple radial system—Example 1 


7.1.6.3 Conclusions—Simple radial system 
The electric utility supply is the largest contributor to both the failure rate and the forced 


hours downtime per year at the 480 V point of use. A significant improvement can be made in 
both the failure rate and the forced hours downtime per year by having two sources of power 
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Table 7-4—Simple radial system—Reliability and availability 
of power at 480 V— (Example 1) 


AW, 
forced hours 
of downtime 

per year 


As 
Component failures 
per year 


13.8 kV power source from electric utility 
Protective relays (3) 

13.8 kV metalclad circuit breaker 

Switchgear bus—insulated (connected to 1 breaker) 
Cable (13.8 kV); 900 ft, conduit below ground 
Cable terminations (6) at 13.8 kV 


Disconnect switch (enclosed) 
Transformer 
480 V metalclad circuit breaker 
Switchgear bus—bare (connected to 7 breakers) 
480 V metalclad circuit breaker 
480 V metalclad circuit breakers (5) 
(failed while opening) 
Cable (480 V); 300 ft conduit above ground 
Cable terminations (2) at 480 V 


Total at 480 V output 


‘Data for hours of downtime per failure are based upon repair failed unit. 


Table 7-5—Simple radial system—Relative ranking of failure rates 


. Electric utility 

. 13.8 kV cable and terminations 
. Disconnect switch 

. 13.8 kV circuit breaker 

. Switchgear bus—insulated 

. Transformer 

. 480 V circuit breaker 

. 480 V circuit breaker (main) 

. Switchgear bus—bare 

. 480 V circuit breakers (5) (failed while opening) 
. 480 V cable and terminations 

. Protective relays (3) 


Total 


at 13.8 kV from the electric utility. The improvements that can be obtained are shown in 


Examples 2, 3, and 4 using “primary-selective system” and in Example 5 using “secondary- 
selective system.” 


The transformer is the second largest contributor to forced hours downtime per year. The 
transformer has a very low failure rate, but the long outage time of 342 h after a failure results 
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Table 7-6—Simple radial system— 
Relative ranking of forced hours of downtime per year 


dy, 
forced hours of 
downtime per year 


. Electric utility 

. Transformer 

13.8 kV circuit breaker 

. 13.8 kV cable and terminations 
. Switchgear bus—insulated 

. Switchgear bus—bare 
Disconnect switch 

. 480 V circuit breaker 

. 480 V circuit breaker (main) 

. 480 V cable and terminations 

. 480 V circuit breakers (5) (failed while opening) 
. Protective relays (3) 


Total 


1 
2 
3. 
4 
5 
6 
de 
8 
9 


‘Data for hours of downtime per failure are based upon repair failed unit. 


in a large Ar, forced hours downtime per year. The 13.8 kV circuit breaker is the third largest 
contributor to forced hours downtime per year, and the fourth largest contributor is the 
13.8 kV cables and terminations. This is a result of the average outage time after a failure of 
83.1 hours for the 13.8 kV circuit breaker and 26.5 h for the 13.8 kV cable. 


The long outage times after a failure for the transformer, 13.8 kV circuit breaker, and the 
13.8 kV cable are all based upon “repair failed unit.” These outage times after a failure can be 
reduced significantly if the “replace with spare” times shown in Table 7-1 are used instead of 
“repair failed unit.” This is done in Example 6, using a simple radial system with spares. 


7.1.7 Example 2—Reliability and availability analysis of primary-selective system 
to 13.8 kV utility supply 


7.1.7.1 Description—Primary-selective system to 13.8 kV utility supply 


The primary-selective system to 13.8 kV utility supply is shown in Figure 7-3. It is a simple 
radial system with the addition of a second 13.8 kV power source from the electric utility; the 
second power source is normally disconnected. In the event that there is a failure in the first 
13.8 kV utility power source, then the second 13.8 kV utility power source is switched on to 
replace the failed power source. Assume that the two utility power sources are synchronized. 


Example 2a—Assume a 9 min “manual switchover time” to utility power source no. 2 after a 
failure of source no. 1. 


Example 2b—Assume an “automatic switchover time” of less than 5 s after a failure is 
assumed (loss of 480 V power for less than 5 s is not counted as a failure). 
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Figure 7-3—Primary-selective system to 
13.8 kV utility supply—Example 2 


7.1.7.2 Results—Primary-selective system to 13.8 kV utility supply 


Example 2a—lf the time to switch to a second utility power source takes 9 min after a failure 
of the first source, then there would be a power supply failure of 9 min duration. Using the 
data from Table 7-3, for double-circuit utility supplies, this would occur 1.644 times per year 
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(1.956-0.312). This is in addition to losing both power sources simultaneously 0.312 times 
per year for an average outage time of 0.52 h. If these utility supply data are added together 
and substituted into Table 7-4 on the simple radial system, it would result in reducing the 
forced hours downtime per year at the 480 V point of use from 4.3033 to 2.1291. The failure 
rate would stay the same at 1.9896 failures per year. These results are given in Table 7-7. 


Table 7-7—Simple radial system and primary selective system to 
13.8 kV utility supply—Reliability and availability comparison 
of power at 480 V point of use (Example 2) 


An, 
forced hours 
of downtime 

per year 


As 
Component failures 
per year 


Example 1 
Simple radial system 


Example 2a 
Primary-selective system to 13.8 kV utility supply 
(with 9 min switchover after a supply failure) 


Example 2b 
Primary-selective system to 13.8 kV utility supply 
(with switchover in less than 5 s after a supply failure)* 


*Loss of 480 V power for less than 5 s is not counted as a failure. 


Example 2b—If the time to switch to a second utility power source takes less than 5 s after a 
failure of the first source, then there would be no failure of the electric utility power supply. 
The only time a failure of the utility power source would occur is when both sources fail 
simultaneously. It will be assumed that the data shown in Table 7-3 are applicable for loss of 
both power supply circuits simultaneously. This is 0.312 failures per year with an average 
outage time of 0.52 h. If these values of utility supply data are substituted into Table 7-4, it 
would result in reducing the forced hours downtime per year from 4.3033 to 1.8835 h per 
year at the 480 V point of use; the failure rate would be reduced from 1.9896 to 0.3456 fail- 
ures per year. These results are also given in Table 7-7. 


7.1.7.3 Conclusion—Primary-selective system to the 13.8 kV utility supply 


The use of the primary-selective system to the 13.8 kV utility supply with 9 min manual 
switchover time reduces the forced hours downtime per year at the 480 V point of use by 
about 50%; but the failure rate is the same as for a simple radial system. 


The use of automatic throwover equipment that could sense a failure of one 13.8 kV utility 
supply and switchover to the second supply in less than 5 s would give a 6 to 1 improvement 
in the failure rate at the 480 V point of use (a loss of 480 V power for less than 5 s is not 
counted as a failure). 
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7.1.8 Example 3—Primary-selective system to load side of 13.8 kV circuit 
breaker 


7.1.8.1 Description of primary-selective system to load side of 13.8 kV circuit 
breaker 


Figure 7-4 shows a one-line diagram of the power distribution system for primary-selective to 
load side of 13.8 kV circuit breaker. What are the failure rate and the forced hours downtime 
per year at the 480 V point of use? 


Example 3a—Assume 9 min manual switchover time. 


Example 3b—Assume automatic switchover can be accomplished in less than 5 s after a 
failure (loss of 480 V power for less than 5 s is not counted as a failure). 


7.1.8.2 Results—Primary-selective system to load side of 13.8 kV circuit 
breaker 


The results from the reliability and availability calculations are given in Table 7-8. 


7.1.8.3 Conclusions—Primary-selective system to load side of 13.8 kV circuit 
breaker 


The forced hours downtime per year at the 480 V point of use in Example 3 (primary- 
selective system to the load side of 13.8 kV circuit breaker) is about 10% lower than in 
Example 2 (primary-selective system to 13.8 kV utility supply). The failure rate is about the 
same. 


7.1.9 Example 4—Primary-selective system to primary of transformer 
7.1.9.1 Description of Primary-selective system to primary of transformer 


Figure 7-5 shows a one-line diagram of the power distribution system for the primary- 
selective system to primary of transformer. What are the failure rate and the forced hours 
downtime per year at the 480 V point of use? Assume | h switchover time. 


7.1.9.2 Results—Primary-selective system to primary of transformer 
The results from the reliability and availability calculations are given in Table 7-9. 
7.1.9.3 Conclusions—Primary-selective system to primary of transformer 


The forced hours downtime per year at the 480 V point of use in Example 4 (primary- 
selective system to primary of transformer) is about 32% lower than for the simple radial 
system shown in Example 1. The failure rate is the same in Examples | and 4. 
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Figure 7-4—Primary selective system to the load side 


of 13.8 kV circuit breaker—Example 3 
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Table 7-8—Primary-selective system to load side of 13.8 kV circuit breaker— 
Reliability and availability comparison of power at 480 V point of use 
(Example 3) 


Example 3b 
(switchover in less 
than 5 s)* 


Example 3a 
(9 min switchover time) 


Component Mn hn 
forced forced 
A, hours of A, hours of 
failures downtime failures downtime 
per year per year per year per year 


13.8 kV power source 

(loss of only source 1) 

Protective relays (3) 

13.8 kV metalclad circuit breaker 


Total through 13.8 kV circuit breaker with 
9 min switchover after a failure of source 1 
(and source 2 is OK) 


Loss of both 13.8 kV power sources 
simultaneously 


Switchgear bus—insulated 
(connected to 2 breakers) 


Total to point E 


Cable (13.8 kV); 

900 ft, conduit below ground 
Cable terminations (6) at 13.8 kV 
Disconnect switch (enclosed) 
Transformer 

480 V metalclad circuit breaker 
Switchgear bus—bare 

(connected to 7 breakers) 

480 V metalclad circuit breaker 
480 V metalclad circuit breakers (5) 
(failed while opening) 

Cable (480 V); 

300 ft, conduit above ground 
Cable terminations (2) at 480 V 


Total at 480 V output 


“Loss of 480 V power for less than 5 s is not counted as a failure. 
Data for hours of downtime per failure are based upon repair failed unit. 
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Figure 7-5—Primary selective system to primary 
of transformer—Example 4 
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Table 7-9—Primary-selective system to primary of transformer— 
Reliability and availability comparison of power at 480 V point of use 
(Example 4) 


Example 4 
(switchover time 1 h) 


dy, 
forced 
A, hours of 
failures downtime 
per year per year 


Component 


13.8kV power source from electric utility (loss of source 1) 
Protective relays (3) 

13.8 kV metalclad circuit breaker 

Switchgear bus—insulated (connected to 1 breaker) 

Cable (13.8 kV); 900 ft, conduit below ground 

Cable terminations (6) at 13.8 kV 

Disconnect switch (enclosed) 


Total through disconnect switch with 1 h switchover 1.6650 
after a failure of source 1 (and source 2 is OK) 


Loss of both 13.8 kV power sources simultaneously 0.1622 


Total to point F 1.8272 


Transformer 1.0260* 
480 V metalclad circuit breaker 0.0108 
Switchgear bus—bare (connected to 7 breakers) 0.0576 
480 V metalclad circuit breaker 0.0108 
480 V metalclad circuit breakers (5) (failed while opening) 0.0048 
Cable (480 V); 300 ft conduit above ground 0.0044 
Cable terminations (2) at 480 V 0.0008 


Total at 480 V output 2.9424 


“Data for hours of downtime per failure are based upon repair failed unit. 


7.1.10 Example 5—Secondary selective system 
7.1.10.1 Description of secondary-selective system 


Figure 7-6 shows a one-line diagram of the power distribution system for a secondary-selec- 
tive system. What are the failure rate and forced hours of downtime per year at the 480 V 
point of use? 


Example 5a—Assume a 9 min manual switchover time. 
Example 5b—Assume automatic switchover can be accomplished in less than 5 s after a 


failure (loss of 480 V power for less than 5 s is not counted as a failure). 
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Figure 7-6-—Secondary-selective system—Example 5 


7.1.10.2 Results—Secondary-selective system 


The results from the reliability and availability calculations are given in Table 7-10. 
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Table 7-10—Secondary-selective system—Reliability and availability 
comparison of power at 480 V point of use (Example 5) 


Example 5b 
(switchover in less than 
5°) 


Example 3a 
(9 min switchover time) 


Component Mn hn 
forced forced 
A, hours of A, hours of 
failures downtime failures downtime 
per year per year per year per year 


13.8 kV power source 

(loss of only source 1) 
Protective relays (3) 

13.8 kV metalclad circuit breaker 

Switchgear bus—insulated 
(connected to | breaker) 

Cable (13.8 kV); 

900 ft, conduit below ground 
Cable terminations (6) at 13.8 kV 
Disconnect Switch (enclosed) 
Transformer 
480 V metalclad circuit breaker 


Total through 13.8 kV circuit breaker with 
9 min switchover after a failure of source 1 
(and source 2 is OK) 


Total through 480 V main circuit breaker 
with switchover in less than 5 s after a fail- 
ure of source 1 (and source 2 OK) 


Loss of both 13.8 kV power sources 
simultaneously 


Total to point G 


Switchgear bus—insulated 
(connected to 5 breakers) 
480 V metalclad circuit breaker 
480 V metalclad circuit breakers (2) 
(failed while opening) 
Cable (480 V); 
300 ft, conduit above ground 
Cable terminations (2) at 480 V 


Total at 480 V output 


"Loss of 480 V power for less than 5 s is not counted as a failure. 
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7.1.10.3 Conclusions—Secondary-selective system 


The simple radial system in Example | had an average forced hours downtime per year that 
was 19 times larger than the secondary-selective system in Example 5b with automatic 
throwover in less than 5 s. The failure rate of the simple radial system was six times larger 
than the secondary-selective system in Example 5b with automatic switchover in less than 
Ss. 


7.1.11 Example 6—Simple radial system with spares 
7.1.11.1 Description of simple radial system with spares 


Figure 7-2 shows a one-line diagram of the power distribution system for a simple radial sys- 
tem. What are the failure rate and forced hours of downtime per year of the 480 V point of use 
if all of the following spare parts are available and can be installed as a replacement in these 
average times? 


a)  13.8kV circuit breaker (inside plant only)—2.1h 
b) 900 ft of cable (13.8 kV)—19 h 
c) 1000 kVA transformer—130 h 


The above three “replace with spare” times were obtained from Table 7-1 and are the actual 
values obtained from the IEEE Committee Report on the Reliability Survey of Industrial 
Plants [B8]. The times are much lower than the “repair failed unit” times that were used in 
Examples | through 5. 


7.1.11.2 Results—Simple radial system with spares 


The results of the reliability and availability calculations are given in Table 7-11. They are 
compared with those of the simple radial system in Example | using average outage times 
based upon “repair failed unit.” 


7.1.11.3 Conclusions—Simple radial system with spares 


The simple radial system with spares in Example 6 had a forced hours downtime per year that 
was 22% lower than the simple radial system in Example 1. 


7.1.12 Example 7—Simple radial system with cogeneration 
7.1.12.1 Description of simple radial system with cogeneration 


Figure 7-7 shows a single-line diagram of the power distribution system for a simple radial 
system with cogeneration. What are the failure rate and forced hours of downtime per year at 
the 480 V point of use, assuming the utility and cogeneration sources are operated in parallel? 
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Table 7-11—Simple radial system with spares—Reliability and availability 
comparison of power at 480 V point of use (Example 6) 


Example 1 Example 6 
Simple radial Simple radial with spares 


r, NY, r, ee 
Component forced forced forced : 
A, A, forced 
F hours of | hours of - hours of 
failures failures hours of 
down- down- down- 3 
per year | ,. Pi per year down-time 
time per | time per 


time per ée wear 
failure year failure pery 


13.8 kV power source 2.582 
from electric utility 
Protective relays (3) 0.0030 
13.8 kV metalclad circuit 0.22928 
breaker 
Switchgear bus—insulated 0.0911 
(connected to | breaker) 
Cable (13.8 kV); 900 ft, 0.14584 
conduit below ground 
Cable terminations 0.0450 
(6) at 13.8 kV 
Disconnect switch 0.0020 
(enclosed) 
Transformer 1.0260° 
480 V metalclad circuit 0.0108 
breaker 
Switchgear bus—bare 0.0576 
(connected to 7 breakers) 
480 V metalclad circuit 0.0108 
breaker 
480 V metalclad circuit 0.0048 
breakers (5) (failed while 
opening) 
Cable (480 V); 300 ft, 0.0044 
conduit above ground 
Cable terminations 0.0008 
(2) at 480 V 


Total at 480 V output 4.3033 


“Data for hours of downtime per failure are based upon repair failed unit. 
Data for hours of downtime per failure are based upon replace with spare. 


7.1.12.2 Results—Simple radial system with cogeneration 


The results from the reliability and availability calculations are given in Table 7-12. 
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Figure 7-7—Simple radial system with cogeneration reliability and 
availability of power at 480 V point of use—Example 7 
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Table 7-12—Simple radial system with cogeneration reliability 
and availability of power at 480 V point of use (Example 7) 


AY, 
forced 
Component A, hours of 
failures down-time 
per year per year 


Utility supply 
13.8 kV power source from electric utility 2.5820 
Protective relays (3) 0.0030 
13.8 kV metalclad circuit breaker 0.29923 


Utility source subtotal 2.5850 


Local cogeneration 
Generator (gas turbine) 32.4000 
Protective relays (3) 0.0030 
13.8 kV metalclad circuit breaker 0.2992° 


Cogeneration source subtotal 32.4030 
Combined utility and cogeneration sources 0.0096 
Switchgear bus-insulated (connected to 3 breaker) 0.2733 


Total to point E 0.2829 


13.8 kV metalclad circuit breaker 0.2992° 
Protective relays (3) 0.0030 
Cable (13.8 kV); 900 ft conduit below ground 0.1458 
Cable terminations (6) at 13.8 kV 0.0450 
Disconnect switch (enclosed) 0.0220 
Transformer 1.0260° 
480 V metalclad circuit breaker 0.0108 
Switchgear bus-bare (connected to 7 breakers) 0.0576 
480 V metalclad circuit breaker 0.0108 
480 V metalclad circuit breakers (5) (failed while opening) 0.0048 
Cable (480 V); 300 ft conduit above ground 0.0044 
Cable terminations (2) at 480 V 0.0008 


Total at 480 V output 1.9131 


“Data for hours of downtime per failure are based upon repair failed unit. 


7.1.12.3 Conclusions—Simple radial system with cogeneration 


The simple radial system in Example 1 yielded an average forced hours downtime per year 
that was about twice as large as the radial system with cogeneration in Example 7. The failure 
rate of the simple radial system was five times larger than the radial system with cogeneration 
in Example 7. 
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7.1.13 Overall results from seven examples 


The results for the seven examples are compared in Table 7-13 which shows the failure rates 
and the forced hours downtime per year at the 480 V point of use. 


Table 7-13—Summary—Reliability and availability comparison at 480 V point of 
use for several power distribution systems 


Switchover in less Switchover time 


than 5 s* 9 min 
dy, 


forced 
hours of 
down- 
time per 
year 


vy, Mr A, 
Example forced forced | failures 
ds ds 
‘ hours of : hours of | per year 
failures failures 
arveat down- eeveng down- 
Bee time per Bory’ time per 
year year 


Distribution 
system 


Simple radial 4,3033> 


Simple radial with 3.33444 
spares 


Simple radial with 1.9131> 
cogeneration 


Primary-selective 
to 13.8 kV utility 


supply 


Primary-selective to 
load side of 13.8 kV 
circuit breaker 


Primary-selective to 
primary of 
transformer 

(1 h switchover) 


Secondary-selective 0.2210° 


*Data for hours downtime per failure are based upon replace with spare for 13.8 kV circuit breaker, 
13.8 kV cable, and transformer. 

‘Data for hours downtime per failure are based upon repair failed unit for 13.8 kV circuit breaker, 
13.8 kV cable, and transformer. 

“Loss of 480 V power for less than 5 s is not counted as a failure. 


These data do not include outages for scheduled maintenance of the electrical equipment. It is 
assumed that scheduled maintenance will be performed at times when 480 V power output is 
not needed. If this is not possible, then outages for scheduled maintenance would have to be 
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added to the numbers shown in Table 7-13. This would affect a simple radial system much 
more than a secondary-selective system because of redundancy of electrical equipment in the 
latter. 


7.1.14 Discussion—Cost of power outages 


The forced hours of downtime per year is a measure of forced unavailability and is equal to 
the product of (failures per year x average hours) downtime per failure. The average down- 
time per failure could be called restorability and is a very important parameter when the 
forced hours of downtime per year are determined. The cost of power outages in an industrial 
plant is usually dependent upon both the failure rate and the restorability of the power system. 
In addition, the cost of power outages is also dependent on the “plant restart time” after 
power has been restored (see Gannon [B3]). The “plant restart time” would have to be added 
to the “average downtime per failure” 7, in Table 7-13 when cost vs. reliability and availabil- 
ity studies are made in the design of the power distribution system. 


The IEEE Committee Report on the Reliability Survey of Industrial Plants [B8] found that 
the average “plant restart time” after a failure that caused complete plant shutdown was 
17.4 h. The median value was 4.0 h. 


7.1.15 Discussion—Definition of power failure 


A failure of 480 V power was defined in the seven examples as a complete loss of incoming 
power for more than 5 s. This is consistent with the results obtained from the IEEE Commit- 
tee Report on the Reliability Survey of Industrial Plants [B8], which found a median value of 
10 s for the “maximum length of power failure that will not stop plant production.” 


7.1.16 Discussion—Electric utility power supply 


Previous reliability studies (see Dickenson et al., [B1], Heising [B5], and Dunkijacobs [B6]) 
have drawn conclusions similar to those made in this chapter. All of these previous studies 
have identified the importance of two separate power supply sources from the electric utility. 
The Power System Reliability Subcommittee made a special effort to collect reliability data 
on double-circuit utility power supplies in an IEEE survey (see IEEE Committee Report 
[B7]). These data are summarized in Table 7-3 and were used in Examples 2 through 5. The 
two power sources in a double-circuit utility supply are not completely independent, and the 
reliability and availability analysis must take this into consideration. The importance of this 
point is shown in Table 7-14, where a reliability and availability comparison is made between 
the actual double-circuit utility power supply and the calculated value from two completely 
independent utility power sources. 


The actual double-circuit utility power supply has a failure rate more than 200 times larger 
than two completely independent utility power sources. The actual double-circuit utility power 
supply data came from an IEEE survey (see IEEE Committee Report [B7]) and are based upon 
77 outages in 246 unit-years of service at 45 plants with “all circuit breakers closed.” This is a 
broad composite from many industrial plants in different parts of the country. 
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Table 7-14—Comparison of actual and calculated reliability 
and availability of double-circuit utility power supply 
(failure defined as loss of both power sources) 


A, AN 
failures forced hours of 
per year downtime per year 


Actual single-circuit utility power supply 
from IEEE survey (IEEE Committee Report [B7]) 2.5828 


Actual double-circuit utility power supply 
from IEEE survey (IEEE Committee Report [B7]) 0.1622 


Calculated-two utility power sources at 13.8 kV 
that are completely independent 0.0008° 


“Taken from Table 7-3. 
>Calculated using single-circuit utility power supply data and the formula for parallel reliability 
shown in Figure 7-1. 


It is believed that utility supply failure rates vary widely in various locations. One significant 
factor in this difference is believed to be different exposures to lightning storms. Thus, 
average values for the utility supply failure rate may not be valid for any one location. Local 
values should be obtained, if possible, from the utility involved, and these values should be 
used in reliability and availability studies. 


Example 7 is included to show the reliability and availability improvement that could be 
obtained by using local generation rather than purchased power from an electric utility. It is 
of interest to note the very high reliability of local generation equipment found in the IEEE 
Committee Report on the Reliability Survey of Industrial Plants (see Appendix A). 


7.1.17 Other discussion 


The reliability and availability analysis in the seven examples was done for 480 V low-volt- 
age power distribution systems. It is believed that 600 V systems would have similar reliabil- 
ity and availability. 


One of the assumptions made in the reliability and availability analysis is that the failure rate 
of the electrical equipment remains constant with age. It is believed that this assumption does 
not introduce significant errors in the conclusions. However, it is suspected that the failure 
rate of cables may change somewhat with age. In addition, data collected by the Edison Elec- 
tric Institute on failures of power transformers above 2500 kVA show that the failure rate is 
higher during the first few years of service. See Table 3-7 in Chapter 3 for the results of an 
IEEE transformer reliability survey of industrial plants. The reliability data collected in other 
IEEE surveys (see IEEE Committee Report [B8]) did not attempt to determine how the fail- 
ure rate varied with age for any electrical equipment studied. 
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A logical question to ask is, “How accurate are reliability and availability predictions?” It is 
believed that the predicted failure rates and forced outage hours per year are at best only 
accurate to within a factor of 2 to what might be achieved in the field. However, the relative 
reliability and availability comparison of the alternative power distribution systems studied 
should be more accurate than 2 to 1. 


The Rome Air Development Center of the U.S. Air Force has had considerable experience 
comparing the predicted reliability of Electronic Systems with the actual reliability results 
achieved in the field. These results (see Feduccia and Klion [B2]) show that there is approx- 
imately a 12% chance that the field failure rate will be more than 2 to 1 worse than the reli- 
ability prediction made using a reliability handbook for electronic equipment (see 
Reliability Stress and Failure Rate Data for Electronic Equipment [B11]). It might be 
expected that the prediction of reliability of industrial power systems would have an accu- 
racy similar to that obtained by the U.S. Air Force with electronic systems. 


Some of the errors introduced when making reliability and availability predictions using 
published industry failure rates for the electrical equipment are 


a) All details that could contribute to unreliability are not included in the study. 

b) Some of the contributions from human error may not be properly included. 

c) Equipment failure rates can be influenced by the adequacy of the preventive mainte- 
nance program used (see IEEE Committee Report [B8] and Wells [B12]). Contami- 
nation from the environment can also have an influence on equipment failure rates. 

d) Correct conclusions can be made from statistical analysis on the average. But some 
plants will never experience these “average” problems. For example, several plants 
will never have a transformer failure. 


In spite of these limitations, it is believed that reliability and availability analyses can be 
very useful in cost/reliability and cost/availability tradeoff studies during the design phase of 
the power distribution system. 


7.1.18 Spot network 


A spot network would have a calculated reliability and availability approximately the same 
as the automatic throwover secondary-selective system (see Heising [B5] and Heising and 
Dunkijacobs [B6]). In addition, it would have the benefit of no momentary outage in the 
event of a failure of any of the 13.8 kV cables or equipment since bus voltage is not lost on a 
spot network. 


7.1.19 Protective devices other than drawout circuit breakers 


The seven examples in this chapter used drawout circuit breakers as protective devices. 
Other types of protective devices are also available for use on power systems. The examples 
in this chapter attempted to show how to make reliability and availability calculations. No 
attempt was made to study the effect on reliability and availability of different types of 
protective devices nor to draw conclusions that any particular type of protective device was 
more cost effective than another. 
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7.2 Cost data applied to examples of reliability and availability 
analysis of common low-voltage industrial power distribution 
systems 


7.2.1 Cost evaluation of reliability and availability predictions 


In this subclause, cost evaluations are made of the reliability and availability predictions of 
five power distribution system examples from 7.1. The RR method described in 2.2.3.1 is 
utilized in order to determine the most cost-effective system. 


7.2.2 Description of cost evaluation problem 


Management insists that the engineer utilize an economic evaluation in any capital improve- 
ment program. The elements to be included and a method of mathematically equating the 
cost impact to be expected from electrical interruptions and downtimes against the cost of a 
new system were presented in 2.2. It was pointed out that there are several acceptable ways of 
accomplishing the detailed economic analysis for evaluation of systems with varying degrees 
of reliability. One of those considered acceptable, the RR method was presented in detail, and 
this method will be used in the analysis of four examples. 


The five example systems included are 


Example 1—Simple radial system—Single 13.8 kV utility supply 


Example 2b—Primary-selective system to 13.8 kV utility supply (dual)—Switchover time 
less than 5 s 


Example 4—Primary-selective system to primary of transformer—13.8 kV utility supply 
(dual)—Manual switchover in 1 h 


Example 5b—Secondary-selective system with switchover time less than 5 s 


Example 7—Simple radial system with cogeneration 


Table 7-13 lists the expected failures per year and the average downtime per year for each of 
the examples. These data will be used to show which of the examples has the minimum 
revenue requirement making allowances for 


a) Plant startup time 

b) Revenues lost 

c) Variable expenses saved 
d) Variable expenses incurred 
e) Investment 

f) Fixed investment charges 


One of the benefits of such a rigidly structured analysis is that the presentation is made in a 
sequential manner utilizing cost/failure data prepared with the assistance of management. 
With this arrangement, the results of the evaluation are less likely to be questioned than if a 
less sophisticated method was used. 
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7.2.3 Procedures for cost analyses 


Utilizing the single-line diagrams for the four examples, a component quantity take-off of 
each system was made, and a present-day installed unit costs assigned for each component. In 
the case of the dual 13.8 kV utility company’s supply, the basic cost of the second supply was 
estimated on the basis of a hypothetical case, assuming that a one-time only cost would be 
incurred. The extension of the costs results in the overall installed cost for each of the four 
examples. A summary of the installed costs is presented in Table 7-15. The total installed 
costs for each example are listed again after item (12) in Table 7-16. 


Table 7-15—Installed costs? 
Part 1: Primary and secondary selective systems 


Example 2b Example 4 Example 5b 


. . Primary-selective 
Primary-selective : Secondary- 
system to primary . 
system selective 
of transformer 


to 13.8 kV utility supply system 


Total 
cost 


Total 
cost 


Total 


cost Quantity 


Quantity Quantity 


Utility service Lum Lum Lum 
standby charge ae $200 000 ane $200 000 etl $200 000 


Basic equipment 
High-voltage circuit | $49 000 
breaker, each 
High-voltage circuit 
cable, linear feet 
1000 kVA trans- 
former with 2-posi- 
tion switch, each 
1000 kVA trans- 62 000 
former with 3-posi- 
tion switch, each 
1600 A low-voltage 12 000 12 000 36 000 
circuit breaker, each 
600 A MCCB, each 5 000 5 000 5 000 


Low-voltage cable, 15 000 15 000 15 000 
linear feet 


Subtotal—Basic equipment cost $138 000 $210 000 $268 000 


Total cost $338 000 $410 000 $468 000 


“All cost estimates were made in 1996. 
> Estimates based on the assumption that the utility company’s alternate primary service will require 
4 mi of 13.8 kV pole line and a 4000 kVA reserve capacity in the utility company’s substation. 
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Table 7-15—Installed costs® 
Part 2: Simple radial systems 


Example 1 Example 7 


Simple radial system 
single 13.8 kV utility 
supply 


Simple radial system 
with cogeneration 


Total Total 


Quantity ost Quantity ack 


Utility service standby charge 


Lump sum | $250000 
cogeneration 
Basic equipment plant 
1000 kW 


High-voltage circuit $40 000 120 000 
breaker, each 
High-voltage circuit cable, 30 18 000 
linear feet 
1000 kVA transformer with 48 000 
2-position switch, each 

1000 kVA transformer with 
3-position switch, each 

1600 A low-voltage circuit 12 000 12 000 
breaker, each 
600 A MCCB, each 5 000 5 000 
Low-voltage cable, linear feet 15 000 15 000 


Subtotal—Basic equipment cost $138 000 $268 000 


Total cost $138 000 $468 000 


“All cost estimates were made in 1996. 
> Estimates based on the assumption that the utility company’s alternate primary service will require 
4 mi of 13.8 kV pole line and a 4000 kVA reserve capacity in the utility company’s substation. 


The RR method is used to calculate the total cost in dollars per year of both the “installed 
cost” and the “cost of unreliability” for the four examples. The methods for making these cal- 
culations are tabulated in Table 7-16. The reliability data and the assumed cost values used 
are described in the next two subclauses. 


7.2.4 Reliability data for examples 


Table 7-13 can be used to determine the failures per year, A, and the “average hours downtime 
per failure,” r, for each of the examples. The value of r is determined from dividing Ar by 2. 
The values of r and A, for the four examples are shown after (1) and (10) respectively in Table 
7-16. 
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7.2.5 Assumed cost values 


The following common cost factors were assumed in 1976 and updated in 1996 for use in all 
four of the examples: 


10 h/failure—Plant startup time after a failure, s, 

$22 000/h—Revenues lost per hour of plant downtime, 8p 

$16 000/h—Variable expenses saved per hour of plant downtime, x,,, 

$55 000/failure—vVariable expenses incurred per failure, «x;, 

0.4 per year—Fixed investment charge factor, F. 

These values are shown in Table 7-16 after (2), (4), (5), (8), and (13), respectively. 
7.2.6 Results and conclusions 


The minimum revenue requirements for each of the five examples are shown in item (15) at 
the bottom of Table 7-16. Some of the conclusions that can be made are tabulated below: 


Example 1— Simple radial system 


This system requires the least initial investment ($138 000); however, its MRR of $309 840 
per year is the second highest of the five examples analyzed. 


Example 2b—Primary-selective system to 13.8 kV utility supply (dual) with switchover time 
less than 5 s 


This system requires an initial investment of $338 000 or 2.4 times that of the simple radial 
system; however, the MRR is $186 895 per year, which is the least of the five examples. 


Based on the data presented, Example 2b would be selected since it has the lowest MRR. 


Example 4—Primary-selective system to primary of transformer, 13.8 k V utility supply 
(dual)—Manual switchover time of | h 


This system shows next to highest initial cost of $410 000 and the highest MRR of $410 521 
per year. A major contributor to the high MRR is the fact that while a dual system has been 
provided, the utility supplies’ 1 h manual switchover requirement increases the failure rate 
and downtime to account for its high MRR. If an automatic switchover were utilized, the 
example would be competitive with Example 2b. 


Example 5b—Secondary-selective system with switchover time less than 5 s 


This system requires the highest initial investment ($468 000) and produces the third lowest 
MRR of $225 325 per year. 


Example 7—Simple radial system with cogeneration 
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This system matches Example 5b (secondary-selective system with switchover time less than 
5 s) with the highest initial investment of $468 000 and produces the second lowest MRR of 
$208 530 per year. 
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Chapter 8 
Basic concepts of reliability analysis by probability 
methods 


8.1 Introduction 


This chapter provides the theoretical background for the reliability analysis used in other 
chapters, Chapter 2 in particular. Some basic concepts of probability theory are discussed as 
these are essential to the understanding and development of quantitative reliability analysis 
methods. Definitions of terms commonly used in system reliability analysis are also included. 
The three methods discussed are the cut-set, the state-space, and the network reduction 
methods. 


8.2 Definitions 


The following terms, defined in Chapter 1, are commonly used in system reliability analysis: 
component, failure, failure rate, mean time between failures (MTBF), mean time to repair 
(MTTR), and system. Additional definitions more specifically related to power distribution 
systems are given in 1.4. 


8.3 Basic probability theory 


This subclause discusses some of the basic concepts of probability theory. An appreciation of 
these ideas is essential to the understanding and development of reliability analysis methods. 


8.3.1 Sample space 


Sample space is the set of all possible outcomes of a phenomenon. For example, consider a 
system of three distribution links. Assuming that each link exists either in the operating or 
“up” state or in the failed or “down” state, the sample space is 


S =(1U, 2U, 3U), (1D, 2U, 3U), (1U, 2D, 3U), (1U, 2U, 3D), (1D, 2D, 3U), 
(1D, 2U, 3D), (1U, 2D, 3D), (ID, 2D, 3D) 


Here iU, iD denote that the component i is up or down, respectively. The possible outcomes 
of a system are also called “system states,” and the set of all possible system states is called 
“system-state space.” 

8.3.2 Event 

In the example of three distribution links, the descriptions (1D, 2D, 3U), (1D, 2U, 3D), (1U, 


2D, 3D), and (1D, 2D, 3D) define an event in which two or three lines are in the failed state. 
Assuming that a minimum of two lines is needed for successful system operation, this set of 
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states also defines the system failure. The event A is, therefore, a set of system states, and the 
event A is said to have occurred if the system is in a state that is a member of set A. 


8.3.3 Probability 


A simple and useful way of looking at the probability of an occurrence of the event is by 
using a large number of observations. 


Consider, for example, that a system is energized at time ¢ = 0, and the state of the system is 
noted at time ¢. This is said to be one observation. Now, if this process is repeated N times and 
the system is observed in the failed state Ny times, the probability of the system being in a 
failed state at time f is 


Pr(t)=Ny/N (8-1) 
N>o 
8.3.4 Combinatorial properties of event probabilities 


Certain combinatorial properties of event probabilities that are useful in reliability analysis 
are discussed in this subclause. 


8.3.4.1 Addition rule of probabilities 


Two events, A, and A, are mutually exclusive if they cannot occur together. For events A, 
and A, that are not mutually exclusive (that is, events which can happen together) 


P(A, U Az) = P(A)) + P(A2) — P(A, 29 Ad) (8-2) 
where 


P(A; UA)) — is the probability of A, or Ay, or both happening; and 
P(A; NA) is the probability of A; and A> happening together. 


When A, and A> are mutually exclusive, they cannot happen together; that is, P(A; MA) = 0, 
therefore Equation (8-2) reduces to 


P(A; U Ad) = P(A,) + P(A2) (8-3) 
8.3.4.2 Multiplication rule of probabilities 


If the probability of occurrence of event A, is affected by the occurrence of A>, then A, and A> 
are not independent events. 
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The conditional probability of event A,, given that event A, has already occurred, is denoted 
by P(A, | A>) and 


P(A, A Ag) = P(Aq | Ag) P(A2) (8-4) 
This formula is also used to calculate the conditional probability 
P(A, | Az) = P(Ay Ap) / PA2) (8-5) 


When, however, events A; and A> are independent, that is the occurrence of A> does not affect 
the occurrence of A; 


P(A, Ap) = P(A)) P(Ad) (8-6) 
8.3.4.3 Complementation 
A, is used to denote the complement of event A}. The component A, is the set of states that 


are not members of A,. For example, if A, denotes states indicating system failure, then the 
states not representing system failure make A, . 


P(A) =1-P(Aj) (8-7) 
8.3.5 Random variable 
A random variable can be defined as “a quantity that assumes values in accordance with prob- 
abilistic laws.” A discrete random variable assumes discrete values, whereas a random vari- 
able that assumes values from a continuous interval is termed a “continuous random 
variable.” For example, the state of a system is a discrete random variable, and the time 
between two successive failures is a continuous random variable. 


8.3.6 Probability distribution function 


Probability distribution function describes the variability of a random variable. For a discrete 
random variable X, assuming values x;,, the probability density function is defined by 


Pax) =P (X=x) (8-8) 


The probability density function for a discrete random variable is also called the “probability 
mass function” and has the following properties: 


a) Py(x)=0 unless x is one of the values x9, x1, X9, ... 
b) OS Px(x;) <1 
c) YP x(x) = 1 


Another useful function is the cumulative distribution function. It is defined by 


Fy(x) = P(X Sx) =D Py(x), x4 Sx (8-9) 
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The probability density function f(x) [or simply f(x)] for a continuous random variable is 
defined so that 


b 
Pas X<b)= [fo dy (8-10) 


a 


If, for example, X denotes the time to failure, Equation (8-10) gives the probability that the 
failure will occur in the interval (a,b). The corresponding probability distribution function for 
a continuous random variable is 


x 


F(x) =P (S$ X<x)= | fo) dy (8-11) 


—0o 


The function f(x) has certain specific properties (see Singh and Billinton [B3]!) including the 
following: 


| Ff dx = 1 (8-12) 


8.3.7 Expectation 


The probabilistic behavior of a random variable is completely defined by the probability den- 
sity function. It is often, however, desirable to have a single value characterizing the random 
variable. One such value is the expectation. It is defined by 


E(X) = yi x;Px(%)) for a discrete random variable. 


U 


fo) 


= | xf(x)dx for a continuous random variable. 


—0o 


The expectation of X is also called the “mean value of X” and has a special relationship to the 
average value of X in that, if the random variable X is observed many times and the arithmetic 
average of X is calculated, it will approach the mean value as the number of observations 
increases. 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 8.6. 
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8.3.8 Exponential distribution 


There are several special probability distribution functions (see Singh and Billinton [B3]); but 
the one of particular interest in reliability analysis is the exponential distribution, having the 
probability density function of 


fx) =e (8-13) 


where A is a positive constant. The mean value of the random variable X, with exponential 
distribution is 


d =[xhe™ 


(0) 


dx = 1/A (8-14) 
Also the probability distribution is 


F(x) = [Ae dy = 1-e™ (8-15) 
0 


If the time between failures obeys the exponential distribution, the mean time between 
failures is d= 1/A, where A denotes the failure rate of the component. It should be noted that 
the failure rate for exponential distribution and only the exponential distribution is constant. 


8.4 Reliability measures 


The term “reliability” is generally used to indicate the ability of a system to continue to per- 
form its intended function. Several measures of reliability are described in the literature, and 
some of the meaningful indexes for repairable systems, especially power distribution sys- 
tems, are described in this subclause. 


a) Unavailability. Unavailability is the “steady-state probability that a component or 
system is out of service due to failures or scheduled outages.” If only the failed state 
is considered, this term is called “forced unavailability.” 


b) — Availability. Availability is the “steady-state probability that a component or system 
is in service.” Numerically, availability is the complement of unavailability, that is 


Availability = 1 — unavailability 
c) Frequency of system failure. This index can be defined as the “mean number of sys- 


tem failures per unit time.” 


d) Expected failure duration. This index can be defined as the “expected or long-term 
average duration of a single failure event.” 
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8.5 Reliability evaluation methods 


Numerical values for reliability measures can be obtained either by analytical methods or 
through digital simulation. Only the analytical techniques are discussed here (a discussion of 
the simulation approach can be found in (Singh and Billinton [B3]). The three methods 
described in this chapter are the state-space, network reduction, and cut-set methods. The 
state-space method is very general but becomes cumbersome for relatively large systems. The 
network reduction method is applicable when the system consists of series and parallel sub- 
systems. The cut-set method is becoming increasingly popular in the reliability analysis of 
transmission and distribution networks and has been primarily used in this book. The state- 
space and network reduction methods are discussed in this chapter for reference and for the 
potential benefit to the users of this book. 


8.5.1 Minimal cut-set method 


The cut-set method can be applied to systems with simple as well as complex configurations 
and is a very suitable technique for the reliability analysis of power distribution systems. A 
cut-set is a “set of components whose failure alone will cause system failure,’ and a minimal 
cut-set has no proper subset of components whose failure alone will cause system failure. The 
components of a minimal cut-set are in parallel since all of them must fail in order to cause 
system failure and various minimal cut-sets are in series as any one minimal cut-set can cause 
system failure. 


A simple approach for the identification of minimal cut-sets is described in Chapter 2, but 
more formal algorithms are also available in the literature (see Singh and Billinton [B3]). 
Once the minimal cut-sets have been obtained, the reliability measures can be obtained by the 
application of suitable formulas (see Shooman [B1] and Singh [B2]). Assuming component 
independence and denoting the probability of failure of components in cut-set C) by P(C,) ; 
the probability (unavailability) and the frequency of system failure for m minimal cut-sets are 
given by 


P, = P(CLUC2UC3U...U Cm) 


PCC) FP(G) 4s + P(Cm)( terms ~[P(G,) A(@3)] +... 


m 


2 


+ 


[P(C, A C,)li #i( )erms 


aye 'P(Cy AON 1-En)( terms (8-16) 
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where C, ~ C2, for example, denotes the failure of components of both the minimal cut-sets 
1 and 2 and, therefore, P(C, ~ C2) means the probability of failure of all the components 
contained in C; and C3, that is 


P(C; AC) = TIP,;, and ie (C,;UC)) 
where 


Pq is the probability of component i being in the failed state 


=r;/(d;+7;). 
=)j/ (Aj + Mj). 

d; is the MTBF of component i. 

A; _ is the failure rate of component i. 
=1/d,. 

r; is the MTTR of component 7. 


lu; is the repair rate of component i 
=1/r it 
II is the product. 


The frequency of failure is given by 
fp=P(C1) Wy + P(C2)W2 +.--P(Cm)Wy — [PCC 1 A C2) Wit P(C1 OV C3)Wy3 


+..4P(C) A Ci) W, 1, iF j 


C1! P(Cp A C2 Ae Cm) Wig em (8-17) 


where 


ke C,UC, 
The mean failure duration is given by 
Gets 


When the mean time between the failure of components is much larger than the mean time to 
repair (or in other words, the component availabilities approach unity). Equation (8-16) and 
(8-17) can be approximated (see Singh [B2]) by simpler equations: 
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Pr= YP P(C) = ¥ Pes; (8-18) 
and 
fr = DPW, = ¥ fes, (8-19) 


where Pcs; and fcs; are the probability and frequency of cut-set event i, respectively. 


Also, 


dy, =P, lf, = yi Pes; /¥ fes; =) fes,rcs; /Y\* fes; (8-20) 


i=l i=l i=l i=l 
where: 


dy is the system mean failure duration; and 


rcs; is the mean duration of cut-set event i. 


1 


The application of Equations (8-19) and (8-20) to power distribution systems is discussed in 
Chapter 2. The components in a minimal cut-set behave like a parallel system, and fcs; 
(assuming m components in C;) can be computed as follows: 


fes; = ica» bj (8-21) 
j=l jel 
and 
res; = 1/7 » Mj (8-22) 
jel 


For example, for a cut-set having three components 1, 2, and 3: 


fie Aj AoAs(My + Ho + Hs) 
; (A, + My )(A, + Ly)(A3 + [3) 


=A, Ao A3(r} 9+ 1013413 ry), assuming Aj <<; 


and 
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CS3 = So ee 
} (Mylo tror34+13r1) 


VPol3 


8.5.2 State-space method 


The state-space method is a very general approach and can be used when the components are 
independent as well as for systems involving dependent failure and repair modes. The differ- 
ent steps of this approach are illustrated using a simple example of a component in series with 
two parallel components, as shown in Figure 8-1. 


Figure 8-1—One component in series with two components in parallel 


a) 


b) 


c) 


Enumerate the possible system states. Assuming each component can exist either in 
the up or operating state (U) or in the down or failed state (D) and that the compo- 
nents are independent, there are eight possible system states. These states are num- 
bered 1 through 8 in Figure 8-2, and the description of the component states is 
indicated in each system state. 


Determine interstate transition rates. The transition rate from s; (that is, state 7) to Sj 
is the mean rate of the system passing from s; to s;. For example, in Figure 8-2 the 
system can transit from s, to sz by the failure of component | and the repair of com- 
ponent 1, will put the system back into s,. Therefore, the transition rate from s, to sz 
is Ay, and the transition rate from s to sj is Hy. 


Determine state probabilities. When the components can be assumed to be indepen- 
dent, state probabilities can be found by the product rule as indicated in Equation 
(8-6).When, however, statistical dependence is involved, a set of simultaneous equa- 
tions needs to be solved to obtain state probabilities (see Singh and Billinton [B3]). 
Only the independent case is discussed here and for this, say the probability of being 
in state 2 can be determined by 


Py = Pig Poy P3y (8-23) 
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Figure 8-2—Sitate transition diagram for the system shown in Figure 8-1 


where 


P;, is the probability of component i being in “up” (operating) state 
= d;/ (dj +r) 
=u; / (A; + L,). 


and 


Pq 18 the probability of component i being in “down” (failed) state 
= Vi / (d; + rj) 
= ij / (A; a L,). 
d) Determine Reliability Measures. The states contributing the failure, or success, or any 
other event of interest are identified. For the system shown in Figure 8-1, if the links 
2 and 3 are fully redundant, system failure can occur if either component 1 fails, or 


components 2 and 3 fail, or if all components fail. The state space S is shown in Fig- 
ure 8-2 is 


S= {1, 2, 3, 4,5, 6, 7, 8} 
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The subset A (representing failure) can be identified as: 
A= {2,5, 6, 7, 8} 

and the subset representing the success states is 
S-A= {1, 3,4} 


Unavailability or the probability of the system being in the down state is now given 
by 


Prp= VP; (8-24) 


ieA 
where i €A indicates that summation is over all states contained in subset A. 
Applied to our example 
Pe= Po+ Ps +Po5+P7+ Pg 
where P; can be found by the product rule (see Equation (8-23). 


The frequency of system failure, that is, the frequency of encountering subset A, can 
be computed by the following relationship: 


fr= Ler ye ay (229) 


icA  jeA 
where Ni equals the transition rate from state i to state j. 
fp= PiAy + Pay Ag) + Pay Ay) 
The mean failure duration can be obtained from Pyand fusing 
dy= Pyl fy (8-26) 


In the preceding analysis, it was assumed that the failure of a component does not alter the 
probability of failure of the remaining components. If, however, it is assumed that after the 
system failure, no further component failure will take place, the state transition diagram in 
Figure 8-2 will be modified as shown in Figure 8-3. Once component | fails or components 2 
and 3 fail, no further failure is possible. The probabilities in this case cannot be calculated by 
simple multiplication; they can be computed by solving a set of linear equations (see Singh 
and Billinton [B3]). Once the state probabilities have been calculated, the remaining proce- 
dure is the same. 


Copyright © 1998 IEEE. All rights reserved. 145 


IEEE 
Std 493-1997 CHAPTER 8 


ID 2U 3U 
1D 2D 3U 
Ss 


Figure 8-3—State transition diagram for the system shown in Figure 8-1 
when components are not independent 
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8.5.3 Network reduction method 


The network reduction method is useful for systems consisting of series and parallel sub- 
systems. This method consists of successively reducing the series and parallel structures by 
equivalent components. Knowledge of the series and parallel reduction formulas is essential 
for the application of this technique. 


8.5.4 Series system 


The components are said to be in series when the failure of any one component causes system 
failure. It should be noted that the components do not have to be physically connected in 
series; it is the effect of failure that is important. Two types of series systems are discussed in 
8.5.4.1 and 8.5.4.2. 


8.5.4.1 Independent components 


For the series system of independent components, the failure and repair rate the equivalent 
component are given by 


Ay = SX; (8-27) 
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and 
n 
eat [Tas / wt] (8-28) 
i=l 


where A, and 1, are the equivalent failure and repair rates of the series system and 

Il denotes the product of values 1 through n (n being the number of components). 

i=l 

Assuming the A; is much smaller than 1; (which, in other words, means that the MTBF is 
much larger than the MTTR), the quantities involving the products of A; can be neglected. 
Equation (8-27) reduces to 


aoe) om Bee ee (8-29) 
t= 1 


8.5.4.2 Components involving dependence 


When it is assumed that after the system failure no more components will fail, the equivalent 
failure and repair parameters are 


A,= YA, andr,= Yr, li, (8-30) 
i=l i=l 


It can be seen from Equations (8-28) and (8-29) that, for component MTBF to be much larger 
than MTTR, the r, for the dependent and independent cases should be practically equal. 


8.5.5 Parallel system 


Two components are considered in parallel when either can ensure system success. The 
equivalent failure and repair rates of a parallel system of two components are given by 


p= aaas (8-31) 
and 
My = Hy + Ho (8-32) 
If A, 7) and A, rz are much smaller than 1, then Equation (8-30) can be written as 
Ap = Ay Ag (71 + 12) (8-33) 
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Chapter 9 
Voltage sag analysis 


9.1 Introduction 


Voltage sags, also referred to as dips, are important to industrial reliability. Modern process 
controls are sometimes very sensitive to voltage sags. The combination of voltage sags and 
sensitive equipment may cause significant production outages. Less sensitive equipment may 
be available, but the designer must know sag characteristics of the electric system to make the 
best choices between equipment immunity and equipment cost. Chapter 9 develops predictive 
techniques for sags from faults on power systems and offers a method for estimating the num- 
ber of sag-related disruptions. 


Voltage sags are very different from service interruptions covered by other chapters of this 
recommended practice. An interruption is caused by a complete separation of a load from the 
source of electric energy. A voltage sag is a sudden voltage drop while the load remains con- 
nected to the supply. Sags are usually caused by insulation failures or faults on power sys- 
tems. Sags may also be caused by sudden load changes, such as starting large motors. 


Utilization equipment can be very sensitive to voltage sags. There are reports that voltage 
sags to 85-90% of nominal lasting time as short as 16 ms have triggered immediate outages 
of critical industrial processes. Equipment in this sensitivity range is likely to be upset by 
voltage sags an order of magnitude much more often than from interruptions. Production 
employees often notice the lights blink or dim, just when the critical process fails. Many 
incorrectly conclude the plant experienced an interruption instead of a voltage sag. 


It is possible to design equipment that will survive even severe voltage sags, but the equipment 
may be more expensive. Accurate estimates of sag magnitude and duration probabilities help 
system designers to specify appropriate equipment for critical processes. This chapter shows 
how to combine accepted analysis tools to predict the important voltage sag characteristics. The 
basic tools include a computer program to calculate unbalanced fault currents and voltages, reli- 
ability data, and fault-clearing device characteristics (see Voltage Sag Working Group [B17)).! 


Calculations can be performed by any of several good computer short-circuit analysis pro- 
grams. These programs allow users to accurately model the electrical network, apply short 
circuits around the network, and look at the resulting voltage on any bus of interest. Some 
software producers have used drafts of this chapter to automate most of the steps for sag pre- 
dictions. These techniques allow engineers to anticipate and possibly minimize voltage sag 
problems. 


The ability to predict voltage sag characteristics offers a unique opportunity to evaluate alter- 
nate configurations and prevent problems with optimum supply and ride-through specifica- 


tions. Problems may be avoided by reducing voltage sag magnitude, duration, or the number 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 9.9. 
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of sag events. Modest changes in equipment specifications also can significantly reduce the 
number of nuisance outages from voltage sags. 


9.2 Voltage sag characteristics and reporting 


Magnitude and duration are two very important sag characteristics. Sag magnitude, in this 
chapter, is the net rms voltage in percent or per-unit of system nominal voltage. Sag magni- 
tude is the remaining voltage. (Voltage dip definitions often refer to a percent reduction or 
what was lost.) This sag magnitude definition more closely matches the output of computer 
programs used to calculate sags. Sag duration is the time the voltage is low, usually less than 
1s. 


According to IEEE Std 1159-1995 [B2], sag magnitudes range from 10% to 90% of nominal 
voltage and sag durations from one half-cycle to | min. The voltage sag coordination method 
described in this chapter works independently of these ranges. Actually, from an equipment 
or production process point of view, it does not matter whether a trip is due to a voltage sag, a 
swell, a momentary interruption, or a sustained interruption. 


A variety of definitions and reporting philosophies were under consideration as this chapter 
was being prepared. Work to standardize is in progress and may be complete before the next 
revision of this recommended practice. Users of this technique may wish to review other stan- 
dards developments for preferred methods to report results. The following discussion offers 
various methods that may apply to individual situations. It demonstrates the need for clarity 
in reporting results. It is highly recommended that reports of voltage sag predictions or 
results from power quality monitoring clearly identify which methods are used, e.g., for 
number of phases and for reclosing. 


9.2.1 Number of phases 


Voltage sags normally affect each phase of a three-phase system differently. One, two, or all 
three phases may see voltages low enough to be called a sag for any one fault event. Even if 
all three phases experience a sag, the magnitudes will often be different. For a sag in three 
phases it is thus not immediately evident which magnitude should be taken as the sag 
magnitude. 


One approach is to present only the lowest of the three phase voltages for each event. This 
implies a three-phase load that is sensitive to the lowest of the three phases, or single phase 
devices spread over the three phases where tripping of one of them interrupts the production 
process. This method reports only one sag per fault. However, three-phase equipment may be 
able to survive a severe sag on one phase if the other phases remain reasonable good. Like- 
wise, the same equipment may not survive a less severe sag reported in this way if the other 
phases are equally low. 


A second approach is to report each of the three phases as separate events. This implies single 


phase loads or at least single phase controllers. For monitoring results, the numbers of sags in 
each of the three phases have to be averaged to obtain an estimation of the number of sags a 
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single-phase load can expect. (Note that line-to-line connected load might experience a 
different number of sags than a load connected line-to-neutral.) For prediction methods nor- 
mally only the voltages for a single-line-to-ground fault in one phase are calculated. In reality 
all three phases have an equal probability of a fault. This implies that a sag due to a single- 
line-to-ground fault or due to a line-to-line fault counts as 1/3 sag with the magnitude of the 
voltage in phase A, 1/3 sag with the magnitude of the voltage in phase B, and 1/3 sag with the 
magnitude of the voltage in phase C. A sag due to a three-phase fault simply counts as one 
sag. 


A third approach assumes three phase loads sensitive to the average voltage of the three 
phases. This method reports only one sag per event. The reported sag magnitude is therefore 
the average of the three phases. This magnitude normally does not match any of the three 
individual phase sag voltages. 


9.2.2 Accounting for reclosing—how many sags? 


Automatic reclosing is common for medium- and high-voltage supply systems exposed to 
weather elements. This presents another problem for reporting and calculating sag frequency. 
There are two general methods for reporting the number of sags in the presence of reclosing. 


One method counts multiple sags as one sag if they occur within a short period of time, 1.e., 
within 5 min. For example, two sags caused by a high-speed reclose and trip operation count 
as one sag. The basis for this approach is that utilization equipment will fail on the first sag. 
Additional sags before the sensitive equipment returns to service are of little interest because 
they do not affect production. The difficulty is selecting a time period where repeating sags 
count as one. This may vary with particular production processes. Sometimes during adverse 
weather, the next sag may also occur before the sensitive equipment returns to normal opera- 
tion. A problem reported but not documented is that a device could be able to withstand the 
first sag but will trip on the second or third one. 


A second method counts all events even if they occur within a few seconds. For example, two 
sags caused by a high-speed reclose and trip operation count as two sags. This is a more 
accurate accounting of sag events but may overestimate the number of nuisance shutdowns. 


For power quality monitoring, either method can be implemented in the monitoring equip- 
ment. But prediction techniques depend on reported failure data. The failure data may count 
each event or it may count several events as one if they all happened in the same automatic 
reclosing sequence. Sag predictions must accurately consider all of these variations to 
produce accurate results. 


9.2.3 Reporting sag duration 


Reporting sag duration presents problems for nonrectangular sags. Most of the techniques in 
this chapter assume rectangular sags where the duration is clear. However, there are some 
cases where sags are not rectangular. Faults sometimes change impedance and phase involve- 
ment as the fault progresses. The sag may have two or more magnitudes during one event. 
Large motor loads also modify the shape of sags (see Bolen [B3]). The duration may be the 
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total time the voltage level meets the sag definition or it could be something else defined by 
the user. Again, accurate predictions of the number of spurious trips for process equipment 
will need an accurate understanding of the reported results. 


9.3 Line faults—A major cause for voltage sags 


Some studies found that nearly all disruptive voltage sags were caused by current flowing to 
short circuits either within the plant or on utility lines in the electrical neighborhood (see 
Conrad et al., [B5] and Key [B14]). Motor starting and welders can also cause voltage sags 
with predictable characteristics. This chapter concentrates on sags associated with short cir- 
cuits (i.e., faults) on the electrical supply system. The principal voltage drop occurs only 
while short-circuit current flows. Voltage increases as soon as a fault clearing device inter- 
rupts the flow of current. These faults may be many kilometers from the interrupted process, 
but close enough to cause problems. A clear understanding of voltage drop during faults and 
the fault-clearing process is necessary before attempting to make accurate voltage sag predic- 
tions. 


Consider the simple distribution system in Figure 9-1 to understand how faults create voltage 
sags. It shows a 20 MVA substation with three distribution feeders. Each feeder has a circuit 
breaker with protective relays to detect and clear faults. Feeder Fl shows more detail with 
fuses and reclosers. Point “C”’ is an industrial or commercial site supplied 480Y/277 V from a 
distribution transformer. 


The lower half of Figure 9-1 shows what happens to the rms voltage when a temporary three- 
phase fault occurs at “A” on feeder F2. The dashed line shows the rms voltage at point “B,”’ 
and the solid line shows rms voltage on feeders F1 and F3 during the same fault. The load at 
“C” will also see the voltage represented by the solid line. A time line shows the sequence of 
events. Note that F2 uses reclosing relays. Reclosing can cause several sags for one perma- 
nent fault. Also, the voltage decay on the first interruption represents motor voltage decay. 
The motors trip off before the reclose. 


All loads on F2 including “B” suffer a complete interruption when breaker F2 clears the fault. 
All loads on F1 and F3 see two voltage sags. The first sag begins at the initiation of the fault. 
The second sag begins when breaker F2 recloses. Sags occur whenever fault current flows 
through impedance to a fault. Voltage returns to normal on feeders Fl and F3 once the 
breaker on F2 interrupts the flow of current. Unfortunately, sensitive loads on Fl and F3 
experience a production outage if the sag magnitude and duration are more severe than the 
withstand capability of the sensitive load. Sags also occur for single- and two-phase faults. 
The magnitude is often different on each of the three phases. (See 9.4.1.) 


Faults on industrial and commercial power systems produce the same voltage sag phenom- 
ena. A fault on one feeder drops the voltage on all other feeders in the plant. The voltage sag 
may even show up in the utility system. 
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Figure 9-1—Voltage sags from faults and fault clearing 


The voltage sag magnitude at a specific location depends on system impedance, fault imped- 
ance, transformer connections, and the pre-sag voltage level. The impact of the sag depends 
upon equipment sensitivity. 


9.4 Voltage sag predictions 


Voltage sags associated with fault clearing have many predictable characteristics. It is possi- 
ble to predict the sag magnitude for individual faults by calculating the voltage drop at the 
critical load. Predicting how long the voltage sag will last requires an estimate of the total 
clearing time for the overcurrent protective device. The waveform of voltage sags is some- 
what predictable from analysis of recorded voltage sag data available and with the aid of tran- 
sient network analysis. However, it is very important to estimate how often voltage sags will 
upset sensitive electrical equipment. 


Predicting characteristics for one sag caused by a specific fault at a specific location is 
straightforward. Prepare an accurate electrical model of the system, apply the fault, and cal- 
culate the voltage sag magnitude at the critical load. Use the protective device characteristics 
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to estimate sag duration. Compare the sag characteristics with the sensitive equipment capa- 
bility to determine if the process will have an outage. 


Predicting sag characteristics a sensitive load will see during several years of operation 
requires a probabilistic approach. It is impossible to predict exactly where each fault will 
occur, but it is reasonable to assume that many faults will occur. The most accurate 
predictions require sag calculations for every possible fault on the electrical system and esti- 
mating each fault’s frequency of occurrence. The overall sag frequency is the sum of the indi- 
vidual frequencies. A practical approach is to locate boundaries on the electrical system 
where specific sag magnitudes are possible; then estimate the fault frequency in the boundary. 


9.4.1 Magnitude of individual sags 


The ability to calculate sag magnitudes for any specific fault is essential to the prediction pro- 
cess. It requires knowledge of network impedances, fault impedance, and fault location rela- 
tive to the sensitive load. It is also necessary to know the transformer connections and pre-sag 
voltages. See 9.4.5 and 9.4.6 for more details. 


Figure 9-2 shows the basic impedance divider needed to calculate sag magnitude. The equa- 
tion is 


Z,+Z 
Veag = 


oo 9-1 
548 Z,+Z,+Zy 0”) 


FAULT LOCATION 


SOURCE POINT OF 
INTEREST FOR Z f 
SENSITIVE LOAD 


Figure 9-2—Basic impedance divider for sag magnitude 


Figure 9-3 and Equations (9-2) through (9-4) illustrate sag calculations for a three-phase zero 
impedance fault (Zr= 0). Figure 9-3 shows the positive sequence reactances of the supply for 
F2 of Figure 9-1 with a three-phase zero impedance fault at “A.” Use of the reactance only 
simplifies the calculations to demonstrate the concept. In practice, it will be necessary to also 
consider resistance, sequence components, etc. 


Equations (9-2) through (9-4) show impedance divider calculations to predict voltage sag 
magnitudes. While fault current is flowing from the infinite bus to “A,” the voltage at “B” is 
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Figure 9-3—Impedance diagram and voltage sags for Figure 9-1 


71.05 


Vig a ee 
B  j0.20 + j0.67 + j0.70 + 71.05 


= 0.40 p.u. (9-2) 


The voltage at the 12 kV bus and all loads on F1 and F3 including “C” in Figure 9-1 is 


_ j0.70 + j1.05 ee . 
Vieay'= 39 904 70.67 70.104 7105 2 2) 
The voltage at the 69 kV bus is 
_ __j0.67+ (0.70) + 1.05 _ _ go yy xs 


Yoo kv = j0.20 + j0.67 + j0.70 + 71.05 


These simple calculations show how one feeder fault can disrupt an entire electrical neigh- 
borhood. The calculations only used reactance to demonstrate the impedance divider princi- 
ple. Accurate studies may require all impedance information including resistance and 
reactance of positive, negative, and zero sequence components and the impedance of the 
fault. However, the concept is identical to the simple three-phase reactance calculations. 


The impedance divider concept also applies to the transmission network; however, the calcu- 
lations are more difficult. This normally requires a computer program for network fault anal- 
ysis. Network computer models allow the user to predict voltage sag magnitude at the 
sensitive load for any type of fault anywhere in the network. Figure 9-4 shows a simplified 
one-line diagram with sag magnitudes on part of a transmission network supplying sensitive 
loads. 


Table 9-1 shows results of computer analysis of a network containing over a thousand buses. 
It shows the per-unit voltage at remote buses in a large network for faults at one EHV bus. 
The magnitudes represent output voltages from distribution substations supplied from the 
transmission system through one delta-wye transformer. Only the lowest phase voltage is 
listed for the phase-to-phase and phase-to-ground faults. For example, one bus 56 km from 
the faulted bus will see 0.67 per-unit voltage during a three-phase fault. The lowest phase 
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Figure 9-4—Transmission network voltage sag profile 


voltage on a bus 86 km away will be 0.84 per unit for a phase-to-ground fault on the same 
EHV bus. (This assumes all prefault voltages are 1.0 per unit.) 


Table 9-1—Network voltage vs. distance from EHV fault 


Number of Lowest phase voltage for each type of fault 
kilometers 
from the fault 30 o too to ground 


0to8 0 to 0.6 0 to 0.7 0 to 0.75 
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Clearly, one high-voltage fault can produce disruptive voltage sags in many cities and over 
several hundred square kilometers. Also, physical distance does not translate directly to elec- 
trical “distance.” A bus 42 km from the fault saw a less severe voltage sag than a bus 56 km 
away. 


9.4.2 Duration of sags 


Each voltage sag lasts as long as the protection equipment allows fault current to flow. There 
are many types of fault-clearing equipment. Each has an absolute minimum time that it takes 
to clear faults. In addition, intentional time delay is commonly introduced to provide coordi- 
nation between devices in series. Furthermore, many line faults are temporary. Automatic 
reclosing may be used to reenergize the line and restore service within a few seconds, as in 
the example of Figure 9-1. The clearing times for some commonly used devices are listed in 
Table 9-2 along with a possible number of retries for automatic reclosing. (See IEEE Power 
System Relaying Committee Reports [B11], [B12].) 


Table 9-2—Typical clearing times 


Type of Clearing time in cycles 


fault-clearing device 


Typical minimum Typical time delay Number of retries 


Expulsion fuse 0.5 0.5 to 60 


Current-limiting fuse 0.25 or less 0.25 to 6 


Electronic recloser 1 to 30 


Oil circuit breaker 1 to 60 


SF, or vacuum breaker 1 to 60 


Figure 9-5 summarizes the sag duration probability distribution for voltage sag data reported 
in various papers (see Conrad et al., [B5], Dorr [B6], Goldstein and Speranza [B7], and 
Gulachenski [B9]). Notice that 60-80% of the reported voltage sags lasted less than 2/10 of 
one second. Also notice the steep rise in the curve just less than 1/10 of one second, which 
corresponds to minimum clearing time for oil circuit breakers. 


9.4.3 Frequency—How often sags occur 


Predicting the voltage sag frequency, or how often voltage sags may occur, requires an accu- 
rate network impedance model and reliability data for all equipment in the electrical “neigh- 
borhood.” Reliability data for transformers, lines, and other equipment is available in the 
appendixes of this standard. Appendix N provides data on high-voltage transmission lines. 
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Figure 9-5—Voltage sag duration probability distribution 


Utility power lines that are many kilometers long and exposed to adverse weather are often a 
major cause for voltage sags. 


The problem is to determine which components in the electrical network cause a “significant” 
voltage sag when faulted, and then determine the probability that each fault will occur. Lines, 
feeders, and branch circuits present special problems because the voltage sag magnitude 
depends upon the fault location. Sags farther away are generally less severe. A complete 
picture requires calculations for every possible fault and every possible fault impedance. It is 
often convenient to identify what portions of each line can cause “significant” sags when 
those portions experience a fault. 


For example, refer again to the radial system of Figure 9-1. The sag magnitude for load “C” 
becomes less severe as fault “A” occurs farther and farther from the 12 kV bus. Assume the 
source reactance to the 12 kV bus Z, = 0.87 p.u. and calculate sag voltages for three-phase 
faults using only reactance values. From Equation (9-1), the voltage will sag to 50% when 
reactance Z, = 0.87 p.u. and fault impedance Z; = 0. If Z is a line whose reactance is 
0.21 p.u./km then Z, represents 4.14 km of line. Any zero impedance fault less than 4.14 km 
from the bus will cause the voltage to drop to 50% of nominal or lower. Likewise, faults any- 
where from zero to 16.67 km from the substation can cause sags to 80% or lower. 


Now assume the feeder has a uniform fault rate of 0.12 three-phase faults per kilometer per 
year to calculate the frequency of occurrence. There are 4.14 km of line on F2 that can cause 
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sags to 50% or lower. Therefore, Equation (9-5) shows F2 is likely to cause 0.5 sags per year 
less than or equal to 50% of pre-sag voltage for the load at “C.” 


STAM sg dea 5 ee (9-5) 
km — year 


Sagsqq, = 0.12 cal 


Likewise, Equation (9-6) shows F2 is expected to cause 2.0 sags per year with magnitude 
from 0% to 80% for load “C.” 


- faults - sags : 
Sag goy, = 0.12 anyen x 16.67 km = 2.0 year (9-6) 


Notice that F3 will also cause voltage sags for the critical load. Repeat the calculations for 
each component on F3 that can cause significant voltage sags. Add the expected numbers for 
each component for the total frequency prediction. If F3 is identical to F2, “C” can expect 1.0 
sag per year from 0% to 50% of nominal and 4.0 sags per year from 0% to 80% of nominal 
from F2 and F3. Repeating these calculations for all components where faults will cause “sig- 
nificant” voltage sags gives users a clear idea of what might be called the area of vulnerabil- 
ity. These areas may be highlighted on schematics or maps like Figure 9-4 to clearly identify 
the area. 


One good way to display voltage sag frequency is to plot the number of events vs. sag voltage 
in percent of nominal as shown in Figure 9-6. The graph shows how many nuisance shut- 
downs are expected as a function of voltage sensitivity. Select several different voltage sag 
magnitudes, perform network analysis, and accumulate the number of sags that will be worse 
than or equal to each voltage threshold. Plot points for number of events vs. voltage and draw 
the curve. 


The most severe sags occur infrequently because a relatively small amount of line exposure 
can produce severe sags (see Figure 9-4). However, several hundred kilometers of line and 
many components might cause voltage sags to 90% of nominal. Therefore minor (shallow) 
sags, such as sags to 90%, occur much more frequently. It is common for minor sags to occur 
five to ten times more often than severe (deep) sags. 


Experience shows that sag frequency vs. magnitude curves have the same general shape. Fig- 
ure 9-6 summarizes predictions and measured data from various sites. The actual number of 
events is different at each site, so Figure 9-6 is normalized for 1.0 event per year at 80% of 
nominal voltage. This curve is very useful to estimate the impact of equipment undervoltage 
trip settings. The dashed lines compare 70% and 90% trip settings to the normalized 80% trip 
setting. Sag-related outages for 70% trip settings are about 0.46 times less likely, while 90% 
trip settings are 3.1 times more likely to cause sag outages. Therefore, a trip setting at 90% of 
nominal would be 3.1 divided by 0.46, or 6.7 times more likely to cause nuisance tripouts 
than the 70% trip setting. 
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Figure 9-6—Sag magnitude relative number of events 


9.4.4 Waveform 


Most sags due to fault clearing have very similar characteristics. Faults usually begin when 
the half-cycle voltage is something greater than zero because arcing begins prior to physical 
contact. This creates a fast transition to the lower voltage and some asymmetry. The voltage 
sag ends when the fault-clearing device interrupts fault current. This usually occurs near a 
forced current zero. Therefore, the voltage sag ends with a quick transition from the reduced 
magnitude to the normal magnitude sine wave. Figure 9-7 shows a typical sag with 86% mag- 
nitude and 0.09 s duration. Although not shown, the sag magnitude was different on each of 
the other two phases. 


9.4.5 Effect of transformer connections 


Three-phase transformer stations connected delta-wye or wye-delta will alter unbalanced 
voltage sags. Roughly, a phase-to-ground voltage sag turns into a phase-to-phase sag, less the 
zero sequence component, as it passes through any delta-wye transformer. Passing that sag 
through another delta-wye transformer returns something like the original phase-to-ground 
voltage sag less the zero sequence component. 


Table 9-3 shows one example of the effect transformer connections have on a sag caused by a 
phase-to-ground fault. The fault is on the solidly grounded wye-wye system that supplies the 
first delta-wye transformer. The first delta-wye transformer then supplies the second delta- 
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Figure 9-7—Typical sag waveform 


wye transformer. Notice the A phase-to-ground sag magnitude on the wye-wye system is 
more severe because zero sequence voltages are present only on the wye-wye side. 


Table 9-3—Impact of transformer connections 


Phase-to-ground voltage in per Phase-to-phase voltage in per unit 
unit of phase-to-ground of phase-to-phase 


Type of 
transformer 
connection 


A-B B-C C-A 


Grounded wye-wye 


First delta-wye 


Second delta-wye 


This shows the importance of including the effects of transformers in the calculations. It also 
offers one small opportunity for controlling the effect of voltage sags. If a particular piece of 
equipment is known to be sensitive only to phase-to-phase voltage sags, and the sags are 
known to primarily be caused by one type of fault, a particular transformer connection may 
help to reduce the problems. A more detailed discussion of the effect of transformer connec- 
tions is provided in (Melhorn et al., [B16]). 
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9.4.6 Effect of pre-fault voltage 


All of the voltage sag magnitude calculations in this chapter assume the pre-fault or pre-sag 
voltage is 100% of nominal. The calculations give sag voltages that are actually in percent of 
the pre-sag voltage. Therefore, compensation is required if the actual pre-sag voltage is 
higher or lower than nominal. This is important for sensitive equipment. Pre-sag voltages 
different from the assumed 100% can cause significant errors in predicting the number of 
nuisance trips. 


For example, consider sag outage predictions for equipment sensitive to 80% sags. A calcu- 
lated 82% sag with 95% pre-sag voltage actually produces 78% voltage. The equipment may 
trip even though predictions assuming 100% pre-sag voltage say it would not. A calculated 
77% sag might not trip the equipment if the pre-sag voltage is 105%. 


Operating below nominal voltage increases apparent sensitivity and increases the number of 
nuisance sag outages. Operating above nominal before the sag decreases the apparent sensi- 
tivity and reduces the number of sag outage problems. The slope of Figure 9-6 for an 80% 
trip setting is such that a 1% change in pre-sag voltage changes the predicted number of sag 
tripouts by 10-15%. 


9.4.7 Effect of fault impedance 


Fault impedance is very important to sag magnitude calculations, especially on lower voltage 
systems. Recalling Equation (9-1), the sag magnitude is 


Z,+Z re 
Vv = ot 


point of interest Z| +Z,+Z, (9-7) 


where 
Zyis the fault impedance. 


The additional fault impedance generally makes sags less severe than zero impedance faults. 
For example, consider the system in Figure 9-8. It consists of two feeders where faults can 
cause sags for the sensitive load on the third feeder. The impedance of each feeder section 
and number of faults per year are shown next to each section. 


Table 9-4 summarizes calculations using three different fault impedances for the system in 
Figure 9-8. It shows sag events per year for phase-to-phase faults selecting the lowest 
magnitude of the three-phase voltages. The calculations used macros in a computer fault 
analysis package that divided each line into ten equal segments. Table 9-4 shows the number 
of sags for zero impedance, | Q resistance, and 5 Q resistance faults. Notice that the 5 Q 
resistance causes no voltage sags deeper than 80% of nominal anywhere on the system. The 
fault impedance values are only used for this example and are not considered typical. 
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Figure 9-8—Diagram of radial system for effect of fault impedance 


Table 9-4—Effect of fault impedance on sag voltage for phase to phase faults 


Fault impedance 


Lowest phase sag 
voltage 


1 


9.5 Examples for rectangular sag calculations 


The following examples show sample calculations to predict voltage sag performance. The 
first example is simplified to use only three-phase short circuits with zero fault impedance on 
a radial system. The second example demonstrates a more complete symmetrical component 
fault analysis on a larger network assuming zero impedance faults. Users are cautioned that 
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the best predictions require accurate models including fault type, fault impedance, trans- 
former connections, network impedance models, and knowledge of pre-sag voltages. 


9.5.1 Radial distribution example 


Consider the simple two-feeder system in Figure 9-9. A load on F1 is sensitive to voltage sags 
and needs to know how many sags to expect from F2. The customer with sensitive loads will 
consider purchasing ride-through capability, but sag magnitude information is needed. For 
this example, consider all faults to be bolted three-phase only. Also assume pre-fault voltages 
are 1.0 per unit. 


Source Z to Distribution Bus 
+j0.50 per unit 


F2 


FA 


0.83 km 
4.25 km 
1.88 km 
SENSITIVE 

2.90 km *— CUSTOMERS 
5.00 km V=0.8 

Feeder F2 

12 km long 


Z = +j0.4 pu/km 
0.15 faults/km/year 
11.25 km V=0.9 


Figure 9-9—Radial distribution example one-line diagram 


The source reactance to the feeder bus is +j0.50 p.u. F2 is 12 km long with a reactance of 
0 + j0.4 p.u. per kilometer. The frequency for three-phase faults is 0.15/km/year. 


The first step is to calculate the points where faults can cause voltage sags of various magni- 
tudes. Figure 9-9 shows locations on F2 where three-phase faults will reduce the feeder bus 
voltage to drop 0.4 to 0.9 per unit of pre-sag voltage in 0.1 per-unit increments. The voltage 
and distance from the distribution bus are noted on F2 in Figure 9-9. 


Any fault closer to the feeder bus can cause voltage sags worse than those at the point of 
interest. For example, three-phase faults between the bus and 5 km out will cause a sag at 


164 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
VOLTAGE SAG ANALYSIS Std 493-1997 


least to 0.8 per unit. Faults farther than 5 km away cannot possibly drop the voltage lower 
than 0.8 per unit. 


Table 9-5 summarizes the distances and number of events for the voltage sag magnitudes of 
interest. The right-hand column is the number of voltage sags that will be worse than or equal 
to the voltage listed in column 1. 


Table 9-5—Radial distribution example sag calculations 


Number of sags 
less than or equal to 
sag voltage 


Lowest phase sag Kilometer of Events per kilometer 
voltage per unit line exposure per year 


Figure 9-10 shows a graph of the sag frequency vs. magnitude from Table 9-5. Notice how 
the number of events increases dramatically with increased sensitivity. This is the same curve 
shape as data presented in Figure 9-6. Addition of another feeder identical to F2 doubles the 
probability of voltage sags. The complete picture must also include the number of voltage 
sags from the plant distribution system and the transmission network. 


NUMBER OF SAGS PER YEAR 


an DUE TO THREE-PHASE FAULTS 


AUTORECLOSING COUNTS AS 


1.0 ONE EVENT 


0 05 1.0 
PER-UNIT VOLTAGE 


Figure 9-10—Number of sags from radial distribution example 
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9.5.2 Transmission network example 


Tables 9-6 through 9-9 summarize the results of a detailed prediction of sag magnitudes from 
a large transmission network. A network fault analysis program calculated voltage at the sen- 
sitive load for three-phase, single-line to ground, line-to-line, and double-line-to-ground 
faults. All faults were assumed to have zero impedance. The voltage ranges at the sensitive 
load site are 0.0 to 0.60, 0.60 to 0.75, 0.75 to 0.85 and 0.85-0.90 per unit of the pre-sag 
voltage. The fault analysis applied faults at all buses and many points along each line to iden- 
tify what parts of the system can cause sags in the ranges of interest. 


Table 9-6—Sag events from the 345 kV system 


Voltage sag events in each voltage range 
(lowest sag magnitude of three phases) 


Events 
Type of fault per km 
per year 


0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 


km | Events Events Events | km | Events 


Phase-to-ground 
Two-phase-to-ground 
Phase-to-phase 
Three-phase 


Total 


Table 9-7—Sag events from the 230 kV system 


Voltage sag events in each voltage range 


(lowest sag magnitude of three phases) 
Events 


Type of fault per km 
per year 


0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 


km | Events | km | Events | km | Events Events 


Phase-to-ground 
Two-phase-to-ground 
Phase-to-phase 
Three-phase 


Total 


The limits of vulnerability for each component and line were highlighted on a map similar to 
Fig. 9-4. Line exposure distances were estimated for each of the four sag categories for each 
of the four types of fault for each of the four system voltages. Table 9-6 summarizes this work 
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Table 9-8—Sag events from the 138 kV system 


Voltage sag events in each voltage range 
(lowest sag magnitude of three phases) 


Events 
Type of fault per km 
per year 


0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 


Events | km | Events Events Events 


Phase-to-ground 
Two-phase-to-ground 
Phase-to-phase 
Three-phase 


Total 


Table 9-9—Sag events from the 69 kV system 


Voltage sag events in each voltage range 


(lowest sag magnitude of three phases) 
Events 


Type of fault per km 
per year 


0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 


Events Events | km | Events| km | Events 


Phase-to-ground 
Two-phase-to-ground 
Phase-to-phase 
Three-phase 


Total 


for the 345 kV lines. Table 9-7 is the same summary for 230 kV, etc. Each table multiplies the 
kilometers of exposure by the failure rate for each fault type. Totals for sag events in each sag 
voltage range are highlighted in boldface on the bottom row of each table. 


Table 9-10 summarizes the voltage sag contributions from each voltage system for each of 
the four sag magnitude ranges. These are the same contributions from Tables 9-6 through 
Table 9-9. Row totals in Table 9-10 give the total number of sag events per year for each sag 
magnitude range. 


Table 9-11 and Figure 9-11 are the final products of the magnitude prediction effort. They 
compare the number of nuisance sag outages for various equipment sensitivity levels. The 
predictions assume the pre-sag voltage is exactly the equipment nominal voltage and must be 
modified if the pre-sag voltage is different. 
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Table 9-10—Summary of contributions from each system 


Lowest Contribution by line voltage (number of events per year) 
phase per 
unit-voltage 
range 


Totals 


345 kV 230 kV 138 kV 69 kV 


0-0.60 


0.60-0.75 


0.75-0.85 


0.85—-0.90 


Table 9-11—Example number of sag problems 
depending on equipment sensitivity 


Under- Voltage sags causing tripouts in each range 
voltage 
threshold 
per unit 


Nuisance 
tripouts per 
0-0.60 0.60-0.75 0.75-0.85 0.85-0.90 year 


This particular study was recalculated for a different configuration to compare sag perfor- 
mance of alternative supplies. This allowed designers to compare the cost of the alternative 
supply configuration to the value of fewer sag problems. It also allowed plant designers to 
reasonably estimate the value of improving equipment immunity to sags. 


9.6 Nonrectangular sags 


Previous parts of this chapter assume the rms sag magnitude vs. time is rectangular. This is 
not true when a large part of the load consists of rotating machines such as induction motors, 
synchronous motors, and generators. Examples are chemical plants and residential areas with 
mainly air conditioner load. The induction motors will somewhat moderate the voltage sag as 
they contribute current to the short circuit. 
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Figure 9-11—Number of sags from transmission network example 


9.6.1 Induction motor influence on sag shape 


Motors will slow down during a sag and reaccelerate when the system fault clears. The re- 
acceleration may cause an extended post-fault sag if the motor load is large with respect to 
the system impedance. The post-fault sag can last up to several seconds and the voltage will 
be between 60% and 90%. Severe post-fault voltage sags can cause tripping of equipment 
that survived during the fault portion of the sag. This subclause concentrates on induction 
motors, as they form the bulk of the motor load. Synchronous motors show behavior which 
can be incorporated in a voltage sag study in a similar way. Power electronics controlled 
motor drives may show a very different behavior. 


Figures 9-12 and 9-13 show the voltage during and after a short circuit close to the point of 
common coupling. Figure 9-12 gives the time-domain voltages calculated by using Electro 
Magnetic Transients Program (EMTP, which employs the full Park’s equations for the induction 
machine). Figure 9-13 gives the amplitude of the voltage phasor, as calculated by a transient 
stability program (which employs a simplified induction motor model). What basically happens 
is that the induction motors slow down during the fault (the contribution of them to the fault cur- 
rent leads to the nonzero during-fault voltage) and reaccelerate after the fault has been cleared. 
The latter demands a high current, which causes the post-fault sag (see Bollen [B3]). 


Figure 9-14 shows a measured voltage sag with a considerable post-fault component (see 


Melhorn et al., [B16]). The resemblance to Figures 9-12 and 9-13 suggests that there was a 
large induction motor load somewhere near the fault position. 
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Figure 9-12—EMTP Model of induction motor influence on a sag waveform 
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Figure 9-13—Rms plot of EMTP model of induction motor 
influence on a sag waveform 


9.6.2 Stochastic assessment 


In case the induction motor load significantly influences the shape of the voltage sag, more 
complicated calculations are needed than provided in 9.4. The type of induction motor model 
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Figure 9-14—Typical waveform and rms plot showing motor influence 


has to be used depends on the accuracy required and the availability of software. In the 
forthcoming example, a transient stability program is used to calculate the shape of individual 
voltage sags. 


As in 9.4.3, one has to select the fault positions that are expected to cause a significant volt- 
age sag. Apart from the selection criteria mentioned before, the following can be used: 


— The post-fault voltage sag is more severe if the fault is near a concentration of induc- 
tion motor load. 

— __ The post-fault voltage sag is more severe if part of the supply to the sensitive load is 
removed by the protection without removing any induction motor load. 

— __ The post-fault voltage sag is more severe for induction motor load with small slip and 
with very low or very large inertia constants. 

— _ The post-fault voltage sag is more severe for longer fault-clearing time. 


It is, in theory, still possible to calculate a “duration” and a “depth” for a nonrectangular sag, 
e.g., by taking the time below 90% voltage and the average depth. An alternative presented 
here is to assume the equipment sensitivity to be rectangular and to determine the expected 
number of sags per year that cause the equipment to trip, for various equipment sensitivities. 
The result is shown in Table 9-12. 


The voltage sag shape has been calculated for about 40 fault positions in the distribution sys- 
tem to a large chemical complex. The load consists mainly of induction motors. A transient 
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Table 9-12—Expected number of sags including effect of motors 


Duration 


Magnitude 


750 ms 1250 ms 


stability program has been used to calculate the shape of the voltage sags, like in Figure 9-13. 
Table 9-12 shows that 0.168 times per year (i.e., once every six years), a situation occurs 
where the plant voltage is below 80% for more than 500 ms. So if the equipment in the plant 
can withstand an 80% voltage for up to 500 ms, an interruption of plant operation is expected 
to occur once every six years. 


9.6.3 Other types of load 


The discussion above concentrated on induction motor load. Other loads can be incorporated 
in the study in a similar way. The model that has to be used depends on the type of load. 


All motor load (induction, synchronous, or fed through a power electronics drive) will suffer 
from loss of kinetic energy during a voltage sag (i.e., the motor will slow down). After the 
fault this lost energy will have to be recovered, which in almost all circumstances will lead to 
a post-fault voltage sag. Modern power-electronics drives with unity power factor will miti- 
gate the effect, as will load shedding (either intentional or because of the erroneous tripping 
of equipment due to the sag). If a large fraction of motors is equipped with contactors that trip 
during the fault and come back all at the same time, the post-fault sag is simply postponed. If 
the contactors come back with different delay times, the post-fault sag will be considerably 
more shallow. 


Nonmotor equipment might also cause a post-fault sag. Virtually all equipment shows capac- 
itive behavior on a short time-scale. Often there is even a physical capacitor present. As more 
and more equipment has large capacitors to ride through the sag, the post-fault sag will 
become more severe. 


A problem with taking the post-fault sag into account is that the load composition is often not 
known. This holds especially for public supply systems. In that case some assessment has to 
be made, or a number of studies with different load compositions have to be done. From the 
different results some kind of “average result’ has to be obtained. 
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9.7 Development of voltage sag coordination charts 


Sag coordination charts show electric supply sag characteristics and utilization equipment 
response to voltage sags on a single graphical display. The foundation for the display is an 
XY grid of sag magnitude on the vertical axis and sag duration on the horizontal axis. In the 
method proposed here, a family of contour lines shows the electric supply sag characteristics. 
Each contour line represents a number of sags per year. 


An equipment line on the same chart shows the equipment voltage tolerance. Proper use of 
the sag coordination chart enables the estimation of the number of utilization equipment 
disruptions per unit of time due to voltage sags. 


Two data sets are critical for the coordination effort. First, the electric supply sag characteris- 
tics must either be known from monitoring data, or predicted. Second, utilization equipment 
response to sags must be known either from manufacturer specifications or from performance 
test data. Both supply characteristics and equipment response data sets are required to per- 
form this coordination effort. 


9.7.1 Electric supply sag characteristics display 


The display of supply characteristics requires either historical or predicted sag magnitudes 
and durations. This data fills magnitude and duration bins in a computer spreadsheet for 
graphical presentation as contour lines. A very simple example will show fundamental 
concepts. Later, measured data from the EPRI DPQ project will be used for a typical 
performance chart (see Wagner et al., [B18]). 


Table 9-13 shows a grid of nine sag magnitude ranges in rows, and five sag duration ranges in 
columns. The combination of nine rows and five columns produce a total of 45 magnitude/ 
duration bins. Every measured or predicted sag will have a magnitude and duration that fits 
into only one of the 45 bins. The number of bins may vary depending on coordination needs 
for a particular case. However, this selection of 45 bins is reasonably convenient. 


For a simple example, assume each of the 45 bins has one sag per year. Table 9-13 shows the 
one sag per per year in each of the 45 bins. This means there are 45 sags per year and the 
characteristics of each sag fits in a unique bin. The 15 bins in the lower right corner are 
shaded to promote understanding as this example continues. 


Table 9-14 shows the cumulative number of sag events that are worse than or equal to each 
bin from Table 9-13. “Worse than” means the magnitude is lower and the duration is longer. 
The row and column headings only show single values instead of ranges. For example, there 
are 15 sags in the 50% magnitude, 0.4 s entry of Table 9-14. The shaded number 15 in Table 
9-14 is the sum of all 15 individual shaded entries in Table 9-13. This means 15 sags will 
have a magnitude of less than or equal to 50% and a duration longer than 0.4 s. 


The next step converts Table 9-14 to a set of contour lines similar to elevation contour lines 
on a geographic map. Figure 9-15 is the contour plot of Table 9-14 generated by a computer 


Copyright © 1998 IEEE. All rights reserved. 173 


IEEE 
Std 493-1997 CHAPTER 9 


Table 9-13—Count of events in each bin 


Time bin (in seconds) 


Magnitude 
bin 


0.2 < 0.4 0.4 < 0.6 


<80-90% 
<70-80% 
<60-70% 
<50-60% 
<40-50% 
<30-40% 
<20-30% 
<10-20% 


0-10% 


Table 9-14—Sum of events worse than or equal to each 
magnitude and duration 


Time (in seconds) 


Magnitude 
0.4 


spreadsheet and graphics program. The lines from lower left to upper right represent the num- 
ber of sag events per year. Each contour line has a label for the number of events. 
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DIAGONAL LINES REPRESENT NUMBER OF SAGS PER YEAR 
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Figure 9-15—Supply sag performance contours 
and partial mapping of individual points 


Continuing the simple example, the 15-event contour line intersects the 0.4 s axis at the 50% 
magnitude axis. This means 15 sags will have a 0.4 s or longer duration and have a 50% or 
lower magnitude. The dots on the lower right corner of Figure 9-15 show each of the 15 
individual sags. Each dot represents the one sag event in each bin of Table 9-13 for this exam- 
ple. There are 15 dots in the rectangular area below and right of the contour line. Similarly, 
the 20 sag contour shows 20 sags worse than or equal to 0.2 s and 50% magnitude. Normally, 
the dots will not appear on sag coordination charts. Also, the actual sags will be somewhere 
in the stated range and not directly on the axis. 


Linear interpolation between contour lines and axis works reasonably well, especially in this 
case, where the sags are distributed uniformly. For example, about 32 sags will be worse than 
or equal to 0.2 s and 80% magnitude on Figure 9-15. Also, 25 sags will be worse than about 
0.28 s and 70% magnitude on Figure 9-15. 


9.7.2 Adding rectangular equipment sensitivity 


The equipment sensitivity curve (or voltage tolerance curve) describes the equipment sensi- 
tivity to voltage sags. This curve gives the minimum magnitude that the equipment can with- 
stand for a given sag duration. This curve can be obtained from the equipment manufacturer, 
from equipment testing, from equipment simulation, or, in future, possibly from standards 
with typical equipment voltage tolerance. Several publications show measured voltage toler- 
ance curves. It appears that a rectangular curve is very common. The sag contour line method 
works very easily with these rectangular sensitivity curves. Figure 9-16 overlays the utiliza- 
tion equipment sensitivity on the sag contour lines. The sensitivity curve is typically rectan- 
gular or may be approximated with several rectangles. The shaded region shows the 


Copyright © 1998 IEEE. All rights reserved. 175 


IEEE 
Std 493-1997 CHAPTER 9 


magnitudes and durations of sags that will cause disruption. The intersection of the rectangu- 
lar sensitivity knee and the contour line gives the number of disruption events from sags. 
Continuing the simple example in Figure 9-16, the knee of the sensitivity intersects the 15 sag 
contour line. This means there will be 15 process disruptions per year. 


DIAGONAL LINES REPRESENT NUMBER OF SAGS PER YEAR 
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Figure 9-16—Supply sag performance contours and equipment sensitivity 


9.7.3 Non-rectangular equipment sensitivity 


The previous analysis assumes the equipment sensitivity has a rectangular shape. Nonrectan- 
gular sensitivity curves require a little more effort. They have to be approximated through a 
number of rectangular steps. Consider Figure 9-17 as an example. The equipment sensitivity 
is characterized or approximated by a shape with two knees. The disruption region is the 
combination of all three shaded rectangular areas A, B, and C. Knee #1 is positioned on the 
20 sags contour line. Knee #2 of the sensitivity curve is at about the 24-sag contour line using 
linear interpolation. A third “knee” for area C is at the 15-sag contour. 


The curve with only knee #1 is rectangular consisting of area B and area C. Equipment with 
such a curve would trip for 20 sags. Likewise, area A and area C (knee #2) represent equip- 
ment that would trip 24 sags. Notice that area C is shared by both knees. Simply adding the 
sags for knee #1 and knee #2 would overestimate the total sags by double counting area C. 
The mathematics to avoid double counting are shown below. 


Total number of sags = area A + area B + area C. (9-8) 


176 Copyright © 1998 IEEE. All rights reserved. 


IEEE 
VOLTAGE SAG ANALYSIS Std 493-1997 


DIAGONAL LINES REPRESENT NUMBER OF SAGS PER YEAR 


90% MAGNITUDE 
SAG TO % 


80% 


70% 


60% 


50% 


40% 


30% 


20% 


10% 


SAG DURATION IN SECONDS ges EQUIPMENT SENSITIVITY 


Figure 9-17—Approximation of nonrectangular sensitivity curves 


For knee #1, there are 20 sags. Therefore 


B+C=20 (9-9) 


For knee #2, interpolation is required. Interpolation gives about 24 sags. Therefore 


A+C=24 (9-10) 


Area C represents 15 sags. Thus C = 15. With Equations (9-9) and (9-10) it is now easy to 
find that A= 11 and B=S. 


Substituting the values A = 11, B =5 and C = 15 in (8) gives the total number of sags: 


A+B+C=5+9+4 15 =29 disrupting sags (9-11) 


Thus, the sag coordination chart predicts 29 disruptions per year for this nonrectangular 
equipment sensitivity. A simple counting effort on Figure 9-17 (as with the dots in Figure 
9-15 confirms the 29 disruptions. (It is also possible to overlay the equipment sensitivity over 
Table 9-13 and total the sags for a similar result.) 
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9.7.4 Example of system performance using typical measured data 


The following example develops the supply system sag performance based on data supplied 
by the Electric Power Research Institute’s Distribution Power Quality Project (Wagner et al., 
[B18]). The data represents 222 distribution feeders in the USA from | June 1993 to 1 June 
1994. This example develops exactly in the same manner as the simple example shown ear- 
lier. 


Table 9-15 shows the number of sags per year per site as a function of magnitude and dura- 
tion. For example, there were 6.8 sags per site per year with magnitudes between 60% and 
70% and durations of less than 200 ms. 


Table 9-15—Sample data from EPRI DPQ Project— 
Number of events per year 


Time bin (in seconds) 


Magnitude 
bin 


0.2 < 0.4 0.4 < 0.6 0.6 < 0.8 


>80-90% 
>70-80% 
>60-70% 
>50-60% 
>40-50% 
>30-40% 
>20-30% 
>10-20% 

0-10% 


Table 9-16 presents the total sags worse than or equal to the magnitude and duration head- 
ings. For example, there were 16.3 sags to 80% or lower lasting 0.2 s or longer per site per 
year. 


Figure 9-18 shows the supply system sag performance contours over the one year of 
measurements. 


For the equipment tolerance curve in Figure 9-16 one can now expect about nine spurious 
trips per year for the supply characterized in Figure 9-18. (From Table 9-16 a value of 9.4 is 
found.) For the equipment tolerance curve in Figure 9-17, the expected number of spurious 
trips is about 12 + 13 —-9 = 16. (From Table 9-16 a value of 10.9 + 11.2 —-9.4 = 12.7 is found.) 
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Table 9-16—Sum of events worse than or equal to the 
magnitude and duration for EPRI DPQ example 


Time (in seconds) 


Magnitude 


0.4 


NUMBER OF SAGS PER YEAR MAGNITUDE 
90% SAG TO % 
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Figure 9-18—Sags per year for 222 EPRI DPQ Project sites 
from 1 June 1993-1 June 1994 
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It might appear here that Table 9-16 gives more accurate results than the sag coordination 
chart in Figure 9-18. One should remember that this kind of accuracy in monitoring results is 
rare, that the difference is not significant from a stochastic point of view, and that a more 
dense set of contours in Figure 9-18 would give more “accurate” results from there as well. 


9.8 Conclusions and future work 


The method for voltage sag coordination described in this chapter is an important improve- 
ment in the power quality field. The procedure enables customers, utilities, and equipment 
manufacturers to quantify the performance of their process, supply, or device. This will no 
doubt lead to a better understanding of spurious trips and an improvement in performance. 


But the method as presented here still has its limitations. The main assumption is that a volt- 
age sag can be characterized through one duration and one magnitude and that this magnitude 
and duration uniquely determine the equipment behavior. Unfortunately this is not always the 
case. Clause 9.2 already mentioned some of the confusion in characterizing the sag. Aspects 
that could influence equipment behavior are the point-on-wave of fault initiation; the phase- 
angle jump in the voltage associated with a sag; the imbalance between the three phases for 
three-phase equipment; the long post-fault sag due to inrush in heavily loaded systems; the 
post-fault overvoltage when faults are cleared by current-limiting circuit breakers or fuses; 
and the variation in equipment tolerance over the production or loading cycle. 


Each factor will have to be evaluated to determine its influence on equipment. If the influence 
is likely to be significant, assessment methods will have to be developed and the coordination 
method described in this paper will have to be extended. 


The method has this far only been concerned with voltage sags. Other voltage disturbances 
can be included easily as long as they are characterized by a magnitude and a duration. For 
swells and momentary interruptions, this will be straightforward. Fast voltage transients will 
be much harder to characterize. For sustained interruptions the method presented here has 
limited value. The other chapters of this recommended practice discuss the methods for sus- 
tained interruptions. It is assumed that a disturbance either leads to an equipment trip or not. 
Either this method can be extended, or one of the many existing methods can be used for sus- 
tained interruptions. 
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Chapter 10 
Reliability compliance testing for emergency and 
standby power systems 


10.1 Introduction 


The design and operation of power equipment and systems may or may not be in compliance 
with specifications dictated by both the manufacturers and their customers. One of the diffi- 
culties in practice is to define a “testing plan” to demonstrate whether the performance of new 
or existing power equipment and systems comply with these dual specifications or not. This 
chapter presents the development of a detailed generalized statistical model of an equipment 
reliability testing plan and compares it with IEC 60605 (1982) [B3].! Detailed references, 
discussions, definition of terms, illustrations, and a case study will be presented to provide an 
understanding of the complex area of demonstrating the reliability of new or existing power 
equipment and systems. The ability of equipment and systems to operate as reliably and 
economically as possible is an important need of society (see IEEE Std 446-1995 [B1]). 


From a manufacturer’s viewpoint, power equipment and systems must be tested to determine 
whether they meet or exceed desirable performance specifications. In testing a system for 
adequacy, the manufacturer can interpret a negative test result in several ways. For example, a 
single negative test result implies the system being tested does not conform to the manufac- 
turer’s specifications and is therefore unreliable. However, it is important to note that a single 
negative test result may or may not statistically demonstrate that a system’s performance is 
unreliable. A testing plan involving more than one test and a statistical criteria for adequacy is 
usually required to resolve the dilemma of demonstrating system adequacy. A negative test 
result may occur by chance when the actual system’s reliability is equal to or greater than its 
specifications. In these situations, the manufacturer runs a risk of rejecting a system that is 
acceptable according to specifications, which is a costly venture. 


From a customer’s viewpoint, the acquisition of power equipment or a system has been justi- 
fied, for example, from a reliability cost/reliability worth analysis (see IEEE Std 493-1990 
[B2]) in which the cost of interruptions exceeds the cost of not having this equipment or 
system. In many cases, equipment and systems are a mandatory requirement dictated by vari- 
ous regulators (see IEEE Std 446-1995[B1]. However, the acceptance of equipment or a sys- 
tem that does not conform to a customer’s specifications (e.g., an unacceptable system 
reliability level) can quickly erase the economic benefits of having this system. 


From both perspectives, power equipment or systems that meet or exceed the specifications 
of both parties are desirable. To achieve this objective, a testing plan must be developed that 
clearly defines the number of tests required to demonstrate whether a system conforms or 
does not conform to various manufacturer and customer specifications. The testing plan must 
define the number of tests to be performed and the number of allowable failures for compli- 
ance and noncompliance to the equipment’s specifications. The defined limits of acceptance 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography in 10.12. 
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or rejection of a system’s performance must minimize the risks to the manufacturers and their 
customers (e.g., rejecting equipment that complies with the manufacturer’s specifications and 
accepting equipment that does not comply with the customer’s specifications). An emergency 
and standby system, for example, may be considered to be inadequate if it fails to respond 
immediately after the detection of a power supply interruption or if it fails to maintain conti- 
nuity of service to the load for some specified period. 


The frequency of system failures is dependent upon many factors, including the following: 


— The use of new or old technology in the design of the system 

— If the system is a combination of old and new components 

— __ The stress placed on the system during operation (e.g., beyond the design limits) 
— The frequency of maintenance 


— Frequency of “utilizing” a system and the manner in which the utilization is 
performed 


— Equipment characteristics and environmental factors, etc. 


The overall performance of power equipment and systems can often be characterized by a 
single variable, its failure rate. The failure rate of electrical equipment can exhibit various 
characteristics (see IEEE Std 493-1990 [B2] and Jensen and Peterson [B4]). It is often 
assumed that the equipment’s failure rate, tends to follow the “bathtub curve” (see Jensen and 
Peterson [B4]) in which the equipment’s early life is characterized by a high failure rate 
which decreases with time until it stabilizes at an approximate constant value for a long 
period of time. As the electrical equipment reaches the end of its designed life, its failure rate 
begins to significantly increase with time. In the testing model developed in this chapter, it 
will be assumed that the failure rate of electrical equipment is a constant value (i.e., an aver- 
age value) or is represented by the percentage of the time the system fails to comply with its 
specifications under test and/or operation. 


10.2 Definition of success ratio 


One of the key variables defined by IEC in its sampling plans is called a “success ratio.” A 
success ratio (R) is defined in IEC 60605 [B3] as the probability that a system will perform a 
required function (e.g., an emergency and standby system starting and operating for a fixed 
period of time) or a test will be successful under stated conditions (i.e., conforming to speci- 
fications). An observed success ratio is the ratio of the number of successful tests at the com- 
pletion of testing to the total number of tests performed on the equipment or system. 


In this chapter the terms equipment and systems will be used interchangeably. The proposed 
testing plan can be applied to individual power equipment (e.g., components) or systems 
composed of power equipment provided their operational performance is characterized by 
two success ratios specified by the manufacturers and their customers. 
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10.3 Acceptance sampling plan 


The probability of obtaining different combinations of successful and failed test results after 
n tests will be initially characterized by the binomial distribution given by 


P(n,r) = nCr(R)"7 (QO)r (10-1) 
where 


is the cumulative number of failed tests after n tests; 

is the number of tests performed; 

is the equipment or system success ratio; 

is the equipment or system failure ratio equal to (1 — R); and 
nCr is the binomial coefficient. 


ows % 


A common viewpoint on demonstrating reliability performance of equipment is to subject the 
equipment or system to a series of tests. If the equipment passes all the tests, it is then con- 
cluded that the equipment is acceptable and complies with the specifications. If the equip- 
ment fails any of the tests, it is unacceptable. This belief may be problematic, depending upon 
the number of tests performed and the success ratios defined by the manufacturers and their 
customers. 


System operating characteristic curves show the probability of accepting the performance of 
equipment under test as adequate (i.e., compliance to specifications) as a function of success 
ratios. Each curve represents a fixed number of tests. The acceptance criterion is defined by a 
fixed number of observable failures. If after n tests, the number of observable test failures is 
less than or equal to the fixed number, then the performance of the system or equipment is 
assumed to be acceptable and complies with its specifications. A typical operating character- 
istic curve for an acceptance criteria of observing no failures after n trials is shown in 
Figure 10-1. 


The probability of accepting equipment performance as adequate after observing “no” fail- 
ures after n tests is given by 


P(n,0) = R" = Pa (10-2) 


For a fixed success ratio (R), the probability of accepting the performance exhibited by a sys- 
tem as adequate decreases significantly as the number of tests increases. If the number of 
tests conducted is low, there is a high probability of accepting the test results concluding the 
system is adequate even if its success ratio is low. 


10.4 Minimizing manufacturer and customer risks 


The determination of the adequacy of an emergency and standby power system based on a 
fixed number of tests and an acceptance criteria may or may not minimize the risks to both 
the manufacturer and their customers. For a given number of tests, an acceptance criteria 
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Figure 10-1—System operating characteristic curves for no test failures 


specifies the number of successful test results that must be observed to demonstrate that a 
given system’s performance complies with certain specifications. In this subclause, the risks 
are not included in the acceptance criteria as defined above. 


A system operating curve for 25 tests and an acceptance criteria of allowing no failures to be 
observed during the testing plan is shown in Figure 10-2. The manufacturer usually specifies 
a success ratio (Ro) for the system that is often incorporated in the system specifications. The 
objective of the testing plan is to demonstrate that a system’s success ratio is at least the value 
Ro. During the testing plan, the manufacturer runs a risk of the test revealing that the system 
is inadequate when in reality the system’s true success ratio is at least equal to the manufac- 
turer’s acceptable level of Ro (e.g., Ro = 0.99 in Figure 10-2). The probability of this event 
happening is defined as © (e.g., 0.22). 


The major risk to the customer from the results of a testing plan is the acceptance of a system 
as adequate when the true system success ratio is equal to the customer’s unacceptable value 
of RI (e.g., Rl = 0.97, Figure 10-2). The probability of this event occurring (Pal), i.e., the 
risk to the customer is B (e.g., B = 0.47, Figure 10-2). If the customer’s risk is too high for a 
given success ratio R1, then the number of tests must be increased to reduce the value of B as 
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Figure 10-2—System operating characteristic curve 
indicating manufacturer and customer’s risks 


can be seen from Figure 10-1. The fundamental question that must be answered is, “How 
many tests are requed to minimize the unique risk levels defined by the manufacturers and 
their customers?” 


10.5 Sequential testing plan 


A sequential testing plan is analogous to a continuous game of testing a system and observing 
whether the test results are positive or negative (i.e., the system passes or fails). If the test 
results are positive, 0 points are scored. If the test results are negative, 1 point is scored. The 
testing of the system continues and the scores are summed after each test. 
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If the cumulative score is below a certain defined value after x tests, then the testing proce- 
dure is stopped and it is concluded that the system meets our required specifications. If the 
cumulative score at any time during the test exceeds a certain defined value r after n tests, 
then the testing procedure is stopped and it is concluded that the system does not meet 
required specifications. 


The difficulty with the testing plan is that the limits of the game (i.e., 7, the number of failed 
tests; x and n, the number of tests to be performed) have to be defined. In addition to these 
unknowns, the game can be further restricted by minimizing the risk to the manufacturer (i.e., 
a) of rejecting systems that comply with the manufacturer’s specifications and minimizing 
the risk to the customers (i.e., 8) of accepting systems that do not comply with the customer’s 
specifications. These specifications define what is considered “adequate” for the manufac- 
turer and “not adequate” for the customer. 


10.6 Development of a sequential testing plan 


Abraham Wald’s “Sequential Probability Ratio Plan” [B5] provides a testing procedure for 
determining the boundaries in an compliance test for accepting and rejecting a system’s per- 
formance as a function of the number of tests n and the number of failed tests r permitted 
given the following test parameters: 


—  Anacceptable value of success ratio Ro specified by the manufacturer; 
—  Anunacceptable value of success ratio R1 specified by the customer; 


— The manufacturer’s risk & (i.e., the probability of the compliance test rejecting a 
system whose true success ratio is equal to the desired level Ro); 


— _ The customer’s risk B (i.e., the probability of the compliance test accepting a sys- 
tem’s performance whose success ratio is equal to the undesirable level R1). 


The probability of obtaining a sample equal to the observed set of test results {x1, x2, x3, ..., 
X,} where x; is the result of the ith test, i.e., either a “O” for a successful trial or a “1” for an 
unsuccessful trial is given by 


KR" (Qoy (10-3) 


where 


n is the number of tests performed; 

r is the number of unsuccessful tests in 7 tests; 

R_ is the success ratio of the observed set of test results [R= (n—r)/r]; 

Q (Q=1-R); and 

K number of possible ways of achieving a success ratio of R at the end of n tests. 


NOTE—X is not the binomial coefficient. 
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If the actual system success ratio R = Ro, the manufacturer’s desired level, then the probabil- 
ity of obtaining a sample meeting this constraint is given by 


K Ro" (Qo)’ (10-4) 


Conversely, if the true system success ratio R = R1, the customer’s undesired level, then the 
probability of obtaining a sample with a success ratio equal to R1 is given by 


K RI" (Q1y" (10-5) 


Once the test parameters Ro, R1, &, and B have been defined, the number of unknown vari- 
ables (n is the number of tests and r is the number of failures) can be determined from the 
sequential probability ratio (SPR) (Wald [B5]) of Equations (10-3) and (10-4) as follows: 


SPR = [[K Ro” (Qo)’]/ [K R1”* (Q1)] (10-6) 


10.7 Compliance sequential test acceptance limits 


The numerator of SPR shown in Equation (10-6) can be interpreted to be the probability of a 
set of test results (whose success ratio equals Ro) being accepted and should be greater than 
or equal to (1 — &) to comply with the manufacturer’s risk specification. The denominator of 
SPR can be interpreted to be the probability of a set of test results (whose success ratio equals 
R1) being accepted and should be greater than or equal to B to comply with the customer’s 
risk specification. 


Equation (10-6) can be rewritten to include the acceptance risks to both the customer and 
manufacturer as follows: 


[(1 — @)/B] = [LK Ro" (Qo)"]/[K R1"" (Q1)"]] (10-7) 


Every set of values (v,r) that satisfies the above equation represents an acceptance coordinate 
in an n vs. r Cartesian coordinate system. The solution of the variables n and r proceeds as 
follows: 


Taking logarithms of both sides of Equation (10-7) yields 
log[(1 — o)/B] = (n-r)log(Ro/R1) + r log(Qo/Q1) (10-8) 
which can be reduced to 


log[(1 — &)/B] = (n)log(Ro/R1) + (r)log(Qo R1/Q1Ro) (10-9) 
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The number of defects r for the compliance test as a function of the number of tests n is given 
by 


log[(1 — «)/B] — (n)log(Ro/R1) 
rs Tog(Qo RI/QI Ro) oe 


The above equation can be rearranged to conform to the IEC 605-5 [B3] as follows: 


. = (@log(Ro/R1) = logi(1 - 0/8] 


log(Q1 Ro/Qo R1) (10-11) 

r<sn—ho (10-12) 
where 

* * jog(@1 Rol Qo R1) (10-13) 

log[(1 — a) /B] ‘es 


° = Tog(QI Ro/ Qo RI) 


With reference to Equation (10-11), if r is equal to or less than the calculated value, the val- 
ues of r will satisfy the constraints on the testing plan imposed by Equation (10-7). The value 
of r in n tests is acceptable indicating that the system complies with the specifications 
imposed on it. 


Equation (10-12) is a linear equation whose abscissa is n (the number of tests to be per- 
formed) and r (the number of acceptable test failures for acceptance) as the ordinate. This is 
graphically illustrated in Figure 10-3. 


An examination of Figure 10-3 reveals, for example, that a minimum number of 107 tests in 
which no failures occurred is required to state that the system complies with specifications 
dictated by the customer and manufacturer (i.e., for a fixed a, B, Ro, and R1). 


10.8 Compliance sequential test rejection limits 


The numerator of SPR shown in Equation (10-6) can be interpreted to be the probability of a 
set of test results (whose success ratio equals Ro) being rejected. The probability should be 
less than or equal to & to comply with the manufacturer’s risk specification. The denominator 
of SPR can be interpreted to be the probability of a set of test results (whose success ratio 
equals R1) being rejected. The probability should be less than or equal to (1 — 8) to comply 
with the customer’s risk specifications. 
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Figure 10-3—Number of tests vs. number of failures required 
to demonstrate compliance to system specifications 


Equation (10-6) can be rewritten to include the rejection risks to both the customer and man- 
ufacturer as follows: 
[ou/(1 — B)] = [LK Ro” " (Qo)"]/ [K R1"* (Q1)"]] (10-15) 


Every set of values (n,r) that satisfies the above equation represents a rejection coordinate in 
ann vs. r Cartesian coordinate system. The solution of n and r proceeds as follows: 


Taking logarithms of both sides of Equation (10-15) yields 

log[a/(1 — B)] = (n—r)log(Ro/R1) + rlog(Qo/Q1) (10-16) 
which can be reduced to 

log[a/(1 — B)] = (log(Ro/R1) + (r)log(Qo R1/Q1Ro) (10-17) 


The number of unacceptable defects r for compliance test as a function of the number of tests 
nis given by 


a log ([a /(1 — B)] — (n)log(Ro /R1)) 


log(Qo R1/Q1 Ro) (10-18) 
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The above equation can be rearranged to conform to the IEC 605-5 [B3] as follows: 


pes (n)log(Ro /R1) —log[( — B)/a] 


log(Q1 Ro/Qo R1) (10-19) 

r2snt+hi (10-20) 
where 

* = jos(Ol Ro/Oo RI) (10-21) 

_ _logi(1-B) /o) oh 


~ log(Q1 Ro/Qo R1) 


With reference to Equation (10-19), if r is equal to or less than the calculated value, the val- 
ues of r will satisfy the constraints on the testing plan imposed by Equation (10-7) resulting 
in the conclusion that the system is unacceptable and does not comply with its specifications. 


Equation (10-20) is a linear equation in terms of n and r where r is the number of test failures 
required to demonstrate that the system under test is unacceptable. The region of rejection 
lies above the line described by Equation (10-20) and is illustrated in Figure 10-4. 


An examination of Figure 10-4 reveals, for example, that if after approximately 75 tests more 
than three failures are observed, then the system does not comply with its specifications. If 
the three failures occur before the 75th test, then the testing plan is halted and the system is 
assumed to be unacceptable and does not comply with its specifications. 


The acceptance and rejection lines shown in Figures 10-3 and 10-4, respectively, can be 
merged into a single graph, as shown in Figure 10-5. The area between the acceptance and 
rejection lines is a statistical transition area where it is necessary to continue testing until a 
clear decision can be reached. 


10.9 Case study 


A manufacturer of emergency and standby systems and one of his key customers have agreed 
to share their field data for this case study. Both parties insisted on remaining anonymous. 
The manufacturer stated to the customer that his emergency and standby power system was 
designed for an average success ratio Ro = 0.99 based on field records. Based on the cus- 
tomer’s reliability cost/reliability worth studies, it was concluded that the emergency and 
standby power system would be uneconomical and unacceptable if the system’s success ratio 
was less than 0.97 (i.e., R1). 


Further economical studies and discussion between the manufacturer and the customer 


resulted in an agreement to share the risks of the compliance test. The “risk level” was set at 
10% (i.e., & = B = 0.10). An examination of Figure 10-5 reveals a total of 108 tests in which 
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Figure 10-4—Number of tests vs. number of failures required 
to demonstrate noncompliance to system specifications 


no system failures occurred. this rate is required to demonstrate that the emergency and 
standby power system complies with the sequential test specifications. 


The customer specified that the manufacturer had to demonstrate the success ratio of his 
emergency and standby system for three years (i.e., based on the sequential test specifications 
agreed to by the manufacturer and the customer) after the installation of the system. The 
nature of the installation required it to be tested weekly and detailed records of successful 
tests and failures were maintained as shown in Table 10-1. 


An examination of Table 10-1 reveals a total of three system failures were observed by the 
47th test. When the (47,3) coordinate is plotted on Figure 10-5, the point lies in the rejection 
zone, i.e., the system does not meet specifications. 


A thorough investigation of the emergency and standby power system by the manufacturer 
and the customer revealed a major installation error, which was subsequently corrected. The 
sequential testing plan was then initiated. After 163 tests, only one failure was observed. 
When the (163,1) coordinate is plotted on the (v,r) Cartesian coordinate system shown in 
Figure 10-5, the point lies in the acceptance zone, i.e., the emergency and standby power sys- 
tem is acceptable and complies with the manufacturer/customer sequential test specifications. 
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Figure 10-5—Number of tests vs. number of failures, 
sequential test boundaries 


10.10 Discussion of sequential tests 


Initially, viewers of Figure 10-5 may conclude that many tests are required to statistically 
demonstrate that a system’s performance complies with its specifications. For this case study, 
their conclusion would be correct. However, it is important to understand that the number of 
tests required to demonstrate that a system does or does not comply with specifications is 
entirely dependent upon the “sequential test specifications” agreed to by manufacturers and 
their customers. 


To illustrate the significance of these test specifications, the manufacturer’s and customer’s risk 
levels will be fixed at two distinct levels, the manufacturer’s acceptable success ratio (Ro) will 
be fixed at 0.99 and the customer’s undesirable success ratio (R1) will be allowed to vary. 
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Table 10-1—Sequential compliance test results 


Test number Test result(s) Comments 


Successful — 


First failure Failed to pick up load 


Successful — 


Second failure DC power supply failure 


Successful — 


Third failure Failed to pick up load 


Testing halted System fails compliance test 


Manufacturer and customer detect a major installation error and correct it. 


Testing procedure initiated. 


1-123 Successful — 


124 First failure Hardware failure 


124-163 Successful — 


Modified system complies with test specifications and is acceptable. 


Under these constraints, the number of successful tests in a row that are required to demon- 
strate system compliance is calculated (Equation 10-12) and the results are shown in Table 
10-2. 


A term used in IEC 60505 [B3] to differentiate between the manufacturer’s desired success 
ratio (Ro) and the customer’s undesirable success ratio (R1) is called a discrimination ratio 
(DR), which is defined as follows: 


_ Ql _ 1.0-R1 


DR = = ——_ 
Qo 1.0-Ro 


(10-23) 


It is clear from the results shown in Table 10-2 that as the discrimination ratio increases, the 
number of tests required to demonstrate a system’s compliance to the sequential test specifi- 
cations significantly decreases for fixed manufacturer/customer risk level. 


10.11 Conclusion 


This chapter has presented the development of a generalized sequential test plan for demon- 
strating whether a power system and/or its parts comply with the specifications dictated by 
the customer and manufacturer. The number of observed system failures vs. the number of 
tests required for compliance evaluation is shown graphically. 
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Table 10-2—Number of tests in which no observed failures occurred 
that are required to demonstrate system compliance 


Manufacturer’s desired success ratio Ro = 0.99 


Number of sequential tests 
(Compliance with no failures) 


Customer success ratio Discrimination ratio 
(R1) (DR) 


a=B=0.10 a= B= 0.05 


Acceptance and rejection line are placed on the Cartesian coordinate system to define three 
distinct zones—reject, continue testing, and acceptance. These regions are defined com- 
pletely by four parameters (i.e., Ro, R1, a, and B) necessary to define the sequential test 
parameters. 


When the difference between the customer’s undesirable system success ratio (R1) and the 
manufacturer’s desired system success ratio (Ro) is small, a large number of tests are required 
to statistically demonstrate that a system complies with these specifications. The large num- 
ber of tests can be obtained by examining an existing emergency and standby system’s testing 
data to validate its performance in conjunction with its specifications. For new systems, the 
testing procedure can be either done at the factory or after it has been installed; however, no 
conclusion as to the new system’s adequacy can be stated until a significant number of 
successful test results has been obtained (e.g., see Table 10-2). 


The acceptance and rejection line equations are expressed in a general form which allows the 
risks to the manufacturer and the customer to be unique (i.e., & not equal to B ) as opposed to 
TEC 605-5 [B3], which accommodates only equal risk cases and references unequal risks 
cases. 
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Report on Reliability Survey of Industrial 
Plants, Part I: Reliability of Electrical 
Equipment 


IEEE COMMITTEE REPORT 


Abstract—An JEEE sponsored survey of electrical equipment reliabil- 
ity in industrial plants was completed during 1972. The results are 
reported from this survey which included a total of 1982 equipment 
failures that were reported by 30 companies covering 68 plants in nine 
industries in the United States and Canada. 


INTRODUCTION 


A KNOWLEDGE of the reliability of electrical quipment 
is an important consideration in the design of power 
distribution systems for industrial plants. It is possible to make 
quantitative reliability comparisons between alternative designs 
of new systems and then use this information in cost-reliabil- 
ity tradeoff studies to determine which type of power distribu- 
tion systems to use [1}~{10]. The cost of power outages at 
the various plant locations can be factored into the decision as 
to which type of power distribution system to use. These 
decisions can then be based upon total owning cost over the 
useful life of the equipment rather than first cost. 

In 1969 a Reliability Working Group was formed under the 
Industrial Plants Power Systems Subcommittee, Industrial and 
Commercial Power Systems Committee. In 1972 the activity 
was changed to a Reliability Subcommittee under the same 
Committee. One of the major activities of the Reliability 
Working Group and the Reliability Subcommittee has been to 
conduct a survey of equipment reliability in industrial plants. 
This survey was conducted during the latter half of 1971 and 
the early part of 1972 and attempted to update a similar sur- 
vey [11] which had been conducted eleven years ago. The 
results from the present survey contain data on failure rate and 
average downtime per failure for 74 equipment categories. The 
Reliability Subcommittee also felt that additional information 
was needed in the present survey beyond what was collected 
twelve years ago. Some of the additional information is the 
following: 


1) cost of power outages of industrial plants; 

2) plant restart time; 

3) critical service loss duration time; 

4) type of loads lost versus time of power outages; 
5) repair or replacement time data; 


Paper TOD-73-158, approved by the Industrial and Commercial Power 
Systems Committee of the IEEE Industry Applications Society for 
presentation at the 1973 Industrial and Commercial Power Systems 
Technical Conference, Atlanta, Ga., May 13-16. Manuscript released 
for publication November 5, 1973. 

Members of the Reliability Subcommittee of the JEEE Industrial and 
Commercial Power Systems Committee are W. H. Dickinson, Chairman, 
Pp. E. Gannon, M. D. Harris, C. R. Heising, D. W. McWilliatns, R. W. Pari- 
sian, A. D. Patton, and W. J. Pearce. 
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6) repair urgency information; 
7) causes and types of failures; 
8) maintenance data and policies. 


It is not practical to publish all the results contained in the 
survey in a single paper. They will be presented in six sep- 
arate parts. The first three parts are published at this time 


Part 1: Reliability of Electrical Equipment; 

Part 2: Cost of Power Outages, Plant Restart Time, Critical 
Service Loss Duration Time, and Type of Loads 
Lost Versus Time of Power Outages [11]; 

Part 3: Causes and Types of Failures, Methods of Repair, 
and Urgency of Repair [12]. 


A major part of the data in these three papers are presented 
in summary form. It is expected that the additional three 
papers will be presented at a later date and will contain further 
in-depth information where questions have been raised to point 
out the need for such data. 


SurvEY Form 


The survey form is shown in Appendix A. Three types of 
cards were used for reporting the information. 

Card type | asks for data on plant identification and other 
general plant information. 

Card type 2 asks for data on a specific equipment class, in- 
cluding the total number of installed units, on their failure 
experience, on maintenance practices, and on estimated repair 
times of failed equipment. 

Card type 3 asks for data on each individual failure reported 
on a card type 2. 

It was necessary to provide definitions for “failure’’ and 
“repair time.” 

A failure is defined as any trouble with a power system com- 
ponent that causes any of the following to occur: 


1) partial or complete plant shutdown, or below-standard 
plant operation; 

2) unacceptable performance of user’s equipment; 

3) operation. of the electrical protective relaying or emer- 
gency operation of the plant electrical system; 

4) de-energization of any electric circuit or equipment. 


A failure on a public utility supply system may cause the 
user to have either 1) a power interruption or loss of service, or 
2) a deviation from normal voltage or trequency of sufficient 
magnitude or duration to disrupt plant production. A failure 
on an in-plant component causes a forced outage of the compo- 
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nent, and the component thereby is unable to perform its 
intended function until it is repaired or replaced. 

Repair time of a failed component or duration of a failure is 
the clock hours from the time of the occurrence of the failure 
to the time when the component is restored to service, either 
by repair of the component or by substitution with a spare 
component. It is not the time required to restore service to a 
load by putting alternate circuits into operation. It includes 
time for diagnosing the trouble, locating the failed component, 
waiting for parts, repairing or replacing, testing, and restoring 
the component to service. 


RESPONSE TO SURVEY 


A total of 30 companies responded to the survey question- 
naire, reporting data on 68 plants from nine industries in the 
United States and Canada as shown in Table I. There was a 
total of 1982 equipment failures reported in the survey; this 
included more than 620 000 unit-years of experience. Many of 
the plants reported data covering more than one year of 
experience. 

Most of the data were reported to the IEEE Reliability Sub- 
committee during late 1971 and early 1972. Unfortunately, a 
downturn in the business cycle during this period of time 
caused many companies to reduce their work force and 
because of this fewer were able to participate in the survey than 
had been originally hoped. 


SURVEY DATA PREPARATION 


All of the returned survey questionnaire forms were reviewed. 
An attempt was made to clarify any discrepancies that were 
detected. Usable data were punched onto IBM cards for use in 
data processing. 


STATISTICAL ANALYSIS OF EQUIPMENT FAILURES 


Two equipment parameters are of prime importance in 
making system reliability studies. These parameters are 1) fail- 
ure rate and 2) average outage duration or repair time. The 
best estimate for the failure rate of a particular type of equip- 
ment is the number of failures actually observed, divided by 
the total exposure time in unit-years, that is, 


R= 


aS 


qd) 
where 


\ best estimate of failure rate in failures per unit-year 
A true failure rate 

Ff number of failures observed 

T total exposure time in unit-years. 


Statements regarding the accuracy of failure rate estimates can 
be made through the use of confidence limits [10}, [14}-[17]. 
Failure rate confidence limits are upper and lower values of 
failure rate such that the following equations hold: 


Pr fd, 2a) = Q) 
Pr [A2Ay) =? @) 


where 


A, flower confidence limit of failure rate 
Ay upper confidence limit of failure rate 
y confidence interval (or confidence level). 
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A typical value often chosen for the confidence interval is 
0,90. Once values for Az and Ay are found, one can say that 
x, whose best estimate is A, lies between A, and Ay with 1007 
percent confidence. Clearly the narrower the interval between 
Az and Ay, the greater one’s confidence that A is a good esti- 
mate of A, the true failure rate. Expressions for Ay and Ay are 
given as follows [17]: 


" aX? - V2, 2F (4) 
- 2T 
_xe (1+ 7/2, aft 2 
du a maa ac (5) 


where x?p,n is the p percentage point of a chi-squared distribu- 
tion with n degrees of freedom. x?p, 7 is tabled in statistical 
handbooks. 

By substituting the value of T from (1) into (4) and (5) we get 


Ot Gy ©) 


x7(1 + 2, 2f+ 2 
ry aaa 


The deviation of the lower confidence level from ‘i in percent 
of Ais 


AL 


Q). 7) 


dev, = 100 ( - ¥). (8) 


Similarly, the deviation of the upper confidence level from X 
in percent of i is 


Sdevy = 100 (3 - i). (9) 


Equations (6)(9) were used to develop Fig. 1. These curves 
avoid the need of looking up x?p,m. Here Xz, and Az are 
plotted in terms of percent deviation from A as a function of 
the observed number of failures. 

The best estimate for the average outage duration or repair 
time for a particular type of equipment is simply the average 
of the observed outage durations. Confidence limit expressions 
for average outage durations are also available if the distribu- 
tional nature of outage durations is known [17]. However, 
such expressions are not given here primarily because the 
average outage durations given in this paper are intended as a 
rough guide only. Equipment outage durations are believed to 
be more a function of the nature of a power system's operator 
than an inherent function of the equipment itself. Hence, 
average outage durations for equipment used in reliability 
studies should be values believed most reasonable for the 
particular system being studied. 

The data from the survey contained information on the 
failure and repair characteristics of 217 categories of equip- 
ment. However, the number of observed failures for many 
equipment categories was too small to allow adequately accu- 
rate estimates of failure rates to be made. The Reliability Sub- 
committee felt that a minimum of eight to ten observed failures 
was required for “good” accuracy when estimating equipment 
failure rates (see Fig. 1). Therefore, whenever possible and 
reasonable from an engineering point of view, equipment cate- 
gories having less than ten observed failures were combined 
with other categories so as to bring the number of observed 
failures in the combined category up to a minimum of ten. In 
some cases an equipment category with a large number of 
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Type of Industry Companies Plants 
All Industry - USA & Canada..... 


Petroleum... weaves 
Pulp and Paper........-.+5. Petes 
Rubber & Plastics.......... ee 
Textile 

Other Light Manufacturing....... 
Other Heavy Manufacturing. 


*Some companies include more than one industry 
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observed failures was further subdivided. In most cases the 
equipment size attribute was eliminated by combining cate- 
gories that were identical except for equipment size. These 
steps reduced the original 217 equipment categories to the 74 
categories published in this paper. A total of 66 equipment 
categories have eight or more observed failures each; the other 
eight categories have between four and seven observed failures 
each. 


SuRVEY RESULTS OF EQUIPMENT FAILURES 


Table 2 gives 2 summary of the ‘All Industry” equipment 
failure rate and equipment outage duration data for the 66 
equipment categories that contain eight or more failures. The 
“actual hours downtime per failure” is based upon the actual 
outage data of the failed equipment; the “industry average” 
uses all equipment failures, and the “median plant average” 
uses all plants that reported actual outage time data on equip- 
ment failures. 

The 1962 survey [11] contained equipment outage duration 
data on failures that have been challenged for two reasons. 

1) Repairing a failed component may take much longer than 
replacing with a spare (for example, a large power transformer). 

2) The urgency for repair is a significant factor in the outage 
time (low priority repairs may take days or weeks). 

In order to help correct these deficiencies, two additional 
columns on “repair’’ and “replace with spare” were included 
in the survey and contain average estimated clock hours to fix 
failure during a 24-hour work day. These estimates are averaged 
over all the plants participating in the survey, even where there 
were no actual failures. These results are reported in Table 2 
and are not included in the more detailed Tables 3-19. 

Tables 3-19 give more detailed data on equipment failure 
rate and actual hours of equipment downtime per failure for 
74 equipment categories; this includes the 66 equipment cate- 
gories in Table 2 plus the eight equipment categories containing 
from four to seven failures. The additional detail includes 


1) sample size in unit years; 

2) number of failures; 

3) number of plants reporting data; 

4) additional data on actual hours of downtime per failure; 

5) data for various industry groups where there were ten or 
more failures in that industry. 


The data on average estimated clock hours to fix failure 
during 24-hour work day have been omitted from Tables 3-19. 

The reliability data in Tables 14, 16, and 18 on cables, joints, 
and terminations represent a different look at the same data 
that are contained in Tables 13, 15, and 17. One set of tables 
looks at the type of insulation and the other set of tables looks 
at the application of the cable. 


GENERAL COMMENTS AND DISCUSSION 
A survey that collects data from many plants often contains 
errors. Some of the errors are due to a misinterpretation of 
the question by the respondent, and in other cases they can be 
caused by omission. 
Many of the respondents apparently misinterpreted the 
question on “number of installed units” for double- or triple- 
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circuit electric utility power supplies. In addition, there was 
some confusion on the outage time after a failure of a single 
circuit of a double- or triple-circuit utility power supply. See 
the separate discussion elsewhere in this paper on these points. 
These are the only known major problems of misinterpretation 
of survey questions. 

It is suspected that the failure rate estimates may be biased 
on the high side due to the tendency of companies to report 
only on equipment that has actually experienced failures. In 
other words, some companies may have omitted submitting 
unit-years of experience data on equipment that had no 
failures. This factor may be partially balanced out by the be- 
lief that the companies that participated in the survey may be 
the ones that have the best maintenance programs and keep the 
best records and thus may have lower failure rates than the 
average. 

It is expected that a future paper wiil contain a comparison 
of the equipment reliability from this survey with the results 
from the previous survey [11] that was published in 1962. A 
preliminary comparison has been made and shows the following 
overall conclusion for 1973 versus 1962. 

1) The 1973 equipment failure rates are about 0.6 times the 
1962 failure rates. 

2) The 1973 average downtime per failure is about 1.6 times 
the 1962 average downtime per failure. 

3) The product of failure rate times average downtime per 
failure is almost the same in 1973 as 1962. 

Both of these parameters are within a factor of two; and this 
is often the best accuracy that can be expected from reliability 
data. 

How accurate are the failure rates shown in Tables 2-19? 
Fig. 1 shows the upper and lower confidence limits of the 
failure rate versus the number of failures observed. It can be 
seen that ten failures has upper and lower confidence limits of 
+70 percent and -46 percent for a 90 percent confidence 
interval. It is possible to determine the upper and lower confi- 
dence limits for the failure rate data shown in Tables 3-19. 


EXAMPLE OF CONFIDENCE LIMIT CALCULATION 


The use of Fig. 1 to determine confidence limits will be 
illustrated with an example. Suppose that it is desired to 
compute confidence limits on the failure rate of liquid-filled 
transformers with voltage above 15 kV in the chemical in- 
dustry. The desired confidence interval is 90 percent. From 
Table 4,4 = 0.0119 failures per unit-year, and the number of 
observed failures is 19. Entering Fig. | with 19 observed fail- 
ures and using the 90 percent confidence interval curves yields 


Az =R- 0.34% 

= 0.0119 - 0.0041 = 0.0078 failures per unit-year 
hy =X4+0.46R 

= 0.0119 + 0.0055 = 0.0174 failures per unit-year. 


There is a 90 percent chance that the true failure rate lies 
between 0.0078 and 0.0174 failures per unit-year. 
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TABLE 2 - SUMMARY OF “ALL INDUSTRY” EQUIPMENT FAILURE RATE AND EQUIPMENT OUTAGE DURATION DATA 


eee 


TransfOrwers..csreseceeeeeseeres 


eee eee eee eee 


Circuit Breakers....-... waders 


zeteesereze 


Motor Starters.......cceeeneeee 3 
“4 a 


oversee evans enecee 


Electric Utility Power Supplies. 


FOR 66 EQUIPMENT CATEGORIES CONTAINING 8 OR MORE FAILURES 


Equi pment 
Sub Class 


Al1....05- sdiseesachi neve teeeeas Sela tb:eiere 
Stngle Circuit......... iste dae é 
Double or Triple Circuit-All........ 

Automatically Switched Over....... 
Manual Switchover..........2-.205. 
Loss of All Circuits at One Time.. 


pants FITIOG-ALT. 0. cece rece eeeee 
1 ~ 15,000 Volts - Al} Sizes...... 


W0-750 kVA... cece cece een r ns eeane 


751-2,499 KVA.... ec cece cence ee teee 
Dry Type; 0 - 15,000 Volts............ 
Rectifier; Above 600 Volts............ 
Fixed Type (*cl. molded case) - Alt.. 

0 - 600 Vo.ts - All Sizes........... 
0 = 600 amps... ...c eee eceeeee esos 
Above 600 amps.................... 

Above 600 Volts.........cceceeee aas 


Metalclad Drawout - All.............6: 
O - 600 Volts - All sizes........... 


O - 600 amps...... ss cece cece enee 
Above 600 amps.............-06% ese 
Above G00 Volts.... ccc ccsceveeenuce 
Contact Type; 0 - 600 Volts........... 
Contact Type; 601 - 35,000 Volts...... 


0.458 


0.0036 
0.0298 


0.0139 
0.0153 


Average Estimated 


Actual Hours 


Average 


73.4 
74.3 
3.7 
217. 64 297. 39.7 
216. 60°0 | 618. 150. 
367. 71.5 
153. 28. 67. 39.9 
380. 80. 300. 20.0 
5.8 4.0 31.7 4.5 
4.7 4.0 6.0 2.0 
2.2 1.0 4.0 2.0 
9.6 8.0 8.0 2.0 
10.6 3.8 44.5 12.0 
129. 7.6 54.2 3.9 
147. 4.0 47.2 2.9 
3.2 1.0 75.6 1.2 
232. 5.0 29.4 4.0 
109. 168. 62.4 5.2 
65.1 24.5 8.0 4.6 
284, 16.0 23.6 13.8 


Clock Hours to Ftx 


Downtime Failure During 24 
per Failure Hour Work Day 
Median Repair Replace 
Industry Plant Faited with 
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TABLE 2 (Continued) 


Average Estimated 
Clock Hours to Fix 


Actual Hours 


Failure Down ti me Failure During 24 

Rate - per Failure Hour Work Day 

Failures Medi an Repair Replace 
Equipment per Industry Plant Failed with 


Sub Class Unit-Year |Average Average {| Component Spare 


Equipment 


MOtors... ccc rsencceeeeee sececeee Induction; 0 - 600 Volts.............. 


Induction; 601 - 15,000 Volts......... 0.0404 
: Synchronous; 0 - 600 VYolts,........... 0,0007 
_ Synchronous; 601 - 15,000 Volts....... 0.0318 
, vavecsccdenccesvvcesesenee Direct Current - All....... £ Siberia oie - 0.0556 
Generators... cccccceaccersrceees Steam Turbine Driven..... Sista aietars arenes 0.032 
e i aa greea asd sacra ee Gas Turbine driven.........cesseceeeae 0.638 
Disconnect Switches............. Enclosed: ous caientdes van cee eee esate 0.0061 
Switchgear Bus - Indoor & Outdoor Insulated; 601 - 15,000 Volts......... 0.00170 
{Unit = Number of Connected Bare; 0 - 600 Volts.........- galego’ 0.00034 
Circutt breakers or Instrument Bare; Above 600 Volts...... a diaevelectt esate 0.00063 
Transformer Compartments ) 
Bus duct - Indoor & Outdoor...... All Voltages.........ceeeee hes oe Sen wlore 0.000125 
(unit = One Circuit Foot) 
Open Wire.........- hans d/esave eneee O = 18,000 Volts. ..... cece eee ce nee -. 0.0189 
(Unit = 1,000 Circuit Feet)... Above 15,000 Volts..... ceeneeenceceess 8.0075 


Cable - All Types of Insulation. Above Ground & Aerial 


(Unit = 1,000 Circuit Feet)... 0 - 600 Volts.........cc:eceeeeeeee 0.00141 | 457. 10.5 20.8 39.7 
“ 7 601 - 15,000 volts - All............ 0.01410 40.4 6.9 26.8 60.4 
" " In Trays Above Ground........... 0.00923 8.9 8.0 49.4 9. 
" i In Conduit Above Ground........- 0.04918 | 140. 47.5 19.8 
u ® Aerial Cable...........+...- eeew 0.01437 31.6 5.3 10.6 28.0 
“ " Below Ground & Direct Burial , 

“ i O - G00 Volts... .....cceseeeeeeeeess 0.00388 15.0 24.0 & 26.8 
" " 601 - 15,000 Volts - All..........4. 0.00617; 95.5 35.0 20.4 26.8 
“ * In Duct or Conduit Below Ground... 0.00613 96.8 36.0 20.9 26.8 
MS Se ead wtsleca'n dule'e eine .. Above 15,000 Volts........cssee00-2- 0.00336 16.0 16.0 : 2 
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TABLE 2 (Continued) 


Average Estimated 

Actual Hours Clock Hours to Fix 

Fat ture Downtime Faflure During 24 
Rate - per Failure Hour Work Day 

Failures Median Repair Replace 


Equipment Industry Plant Fafled with 


per 
Equipment Sub Class Unit-Year | Average Average| Component Spare 


. everese 601 a 15 ,000 Volts 
(unit = 1,000 Circuit Feet)... Thermoplastic..... 
* Thermosetting.......... 
Paper Insulated Lead Covered..... 


see eee 


Cable Joints -All Types of Insul. 601 - 15,000 Volts 
. . ‘In Duct or Conduit Below Ground.. 0.000864 


601 - 15,000 Volts 
Thermoplastic........... veceeeess 0.000754 
Paper Insulated Lead Covered..... 0.001037 


Cable Terminations - All Types 

of Insulation....... Above Ground & Aerial 
" ; ; O = GOO Volts.......c.cc eee e ee aee 0.000127 
60? - 15,000 Votts - All......... 0.000879 
Aerial Cable..... ..... 0.001848 
in Trays Above Ground......... 0.000333 

In Duct or Conduit Below Ground 

eee elas 601 - 15,000 VoTts............... 0.000303 


Sites 601 ~ 15,000 Volts 
Thermoplastic... ...sse reece «ee 0.004192 
Thermosetting 0.000307 
Paper Insulated Lead Covered... 0.000781 


Rectifiers 
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TABLE 3 - ELECTRIC UTILITY POWER SUPPLIES 
Faflure 


of Plants Sample Number Rate - 


6 
3 
7 
7 
6 
3 
2 
2 
J 


Ww eo 


$ize of pe : ures 
Unit - Faflures Equipment 
Years Reported Industry Sub Class 


Single Circuit... i 
Double or Triple Circuit - All.... 
Automativally Switched Over..... 
Manual Switchover. . 
Loss of All Circuits “at One Time 


Lenore errr rer 
Double or Triple Circuit - ANN. see 
Automatically Switched Over..... 


Double or Triple Circuft - ATl.... 
Automatically Switched Over..... 


Other Light Manuf. All. Pa 
Double or Triple Circuit - All.... 
4 ™ Automatically Switched Over..... 


* 19 cycles 
** 2 seconds 


Actual Hours Downtime/Failure 


Mtint~ 
mum 
Pees Plant 


2a0 8 


aia 4 


Maxt- 


Median mm 


Plant 


Ptant 


Unit-Yea + Yaar Average Average Average Average 


= 
on 
wo 
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Number 

of Plants Sample 
Size 
Unit- 
Years 


Failures 
Reported Industry 


TABLE 4 - TRANSFORMERS 


Rate - Median 
Failures mum 
per Industry Plant Plant 


Unit-Year Average Average Average Average 


Liquid Filled - Al}... P 219. 
601-15,000 volts - All Sizes.... 2.0 5 
300-750 kVA 


2,500 kVA & up 
Above 15,000 volts 
Dry Type; 0-15,000 volts 
Rectifier, Above 600 volts 


Liquid Filled - Atl... 
601-15 ,000 volts - All Sizes.... 


Above 15,000 volts........ 
Rectifier; Above 600 volts 


Liquid Filled - Al} é 
601-15,000 volts - All Sizes... 0.0043 


Plant 


3744. 


V XIGN3Sdd¥ 


L661-€6% PIS 


3331 


O1Z 


‘peasasel SIU Hy “A331 8661 @ wGuAdoD 


of Plants Sample Number 
Size of 
Unit- Failures 
Years Reported 


Nw w NA NNN w oO 


TABLE 5 ~ CIRCUIT BREAKERS 


Industry 


Ci cteentens Fixed Type(includes molded case) - al? 


aarelesecewoiales brs 0 - 600 volts - All Sizes... 


Above 600 volts............. 


weeerece 


we eere oe 


Metalclad, Drawout - All...... eheees Sf 


0-600 volts - All Sizes..... 


eeeee FADOVE CUY AMPS... ce nccane 


Above 600 volts............. 


aateeeee 


acme rcee 


dase Fixed Type{includes molded case) - All 


Sacnieis ees 0-600 volts - AIl Sizes..... 


wee ereee 


reer Above 600 amps......... ces ceeeee 


aitecinies Metalclad, Drawout - All...... 
Silas Above 600 volts......... 


Petroleum....... Fixed Type(includes molded case} ~ 
: seseeee  Q-600 volts - All Sizes.... 
eevee 0-600 aMPS......ceeeeseee 


Textile......... Metalclad, Drawout - All..... 
seseerere 0-600 volts - All Stzes.... 


wesesvene Um OU AMPS... rc cneercnne 


eseeenan 


Failure Actual Hours Downtime/Fai lure 
Rate - Mini- Maxi- 
Failures mum Median mom 
per Industry Plant Plant Plant 
Unit-Year Average Average Average Average 


Qo 
wo 
he 
o 


Sa BE wwe 
ar ae 
OOO wunn— 
Pat Funne ~Coood~—mH 
nt inn ened Ptr Salt ee 
eww COS wMGOw -—“NNNWUD 
wow 
Nap NNR NNDOO BI Hnwwres 
4 by . 8 . : as Serie eee 
Ano s~nooe COOMMooOso 


ooo 
YOO 
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Number 


of Plants Sample Number 


Number 
of Plants 


Size of 
Unit- Failures 
Years Reported 


Number 
of 

Failures 

Reported 


Industry 


TABLE 6 - MOTOR STARTERS 


Equtpment 
Sub Class 


Contact Type 
0-600 volts... 
601-15,000 volts 
Cireutt Breaker 
Contact Type; 601-15,000 volts.. 


Contact Type; 0-600 volts 


Contact Type; 601-15,000 volts........ 


TABLE 7 - MOTORS 


Equipment 
Sub Class 


- Induction 
601-15,000 volts 


. Synchronous 


Rubber & Plastics. 


Textile 


0-600 volts......... iis 


601-15 ,000 volts..... 4 Silat errr 


Direct Current... 


Induction 
0-600 volts..........0.. 
601-15 ,000 volts 
Synchronous 
0-600 volts.........000- 
601-15,000 volts........ 


Induction 
0-600 volts 
601-15 ,000 volts 
Synchronous 
601-15,000 volts... 


Induction 
601-35,000 volts..... er 


Direct Current............ 


Faflure 
Rate - Mini 
Failures foum 

per Industry Plant 


Median 
Plant 


Unit-Year Average Average Average 


24.5 
16.0 

2.8 
16.0 
76.5 


1440. 


Actual Hours Downtime/Fai lure 


maxi- 


1440, 


Actual Hours Downtime/Fat lure 


Rate - Mint- 
Failures mur Median 
Industry Plant Plant 


per 
Unit-Year Average Average Average Average 


0.0109 
0.0404 


0.0007 
0.0318 
0.0556 


0.0052 
0.0433 


0.0007 
0.0433 
0.0226 
0.0335 


0.0276 


0.0748 
0.1056 


Maxi- 
mum 
Plant 
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TABLE 8 - GENERATORS 


Fatlure Actual Hours Downtime/Failure 

Rate - Mini- Maxi- 

Failures mum = Median mum 
Failures Equipment per Industry Piant Plant Plant 
Reported Industry Sub Class Unit-Year Average Average Average Average 


Steam Turbine Driven...... 165. 1.5 66.5 108. 

ree Gas Turbine Driven........ 23.1 5.0 92.0 720, 

WD ecedbo aid oi acai Driven by Motor, Diesel, 127. T21. 133, 144, 
or Gas Engine 


Petroleum Gas Turbine Driven 5.0 5.0 5.0 5.0 


TABLE 9 ~ DISCOMNECT SWITCHES 


Failure Actual Hours Downtime/Faf lure 

fate - Mtni- Maxi - 

Failures =m Median mam 
Unit- per Industry Plant Plant Plant 
Years Repo Industry Unit-Year Average Average Average Average 


|, | |, errr 
15,490  Mcesecevcsccses  Enclosed..... «oa 


2,205 Chemical........5. Emclosed.......cccsecvone 
4,293 Enclosed. ......seeceseeee 


TABLE 10 - SWITCHGEAR BUS: INDOOR & OUTDOOR 
Unit = Number of Connected Circuit Breakers or Instrument Transformer Comp 


Failure Actual Hours Domtime/Fai lure 

Rate - Mini- Maxt- 

Faitures mum Median mum 
Equipment per Industry Plant Piant Plant 
Sub Class Unit-Year Average Average Average Average 


Insulated; 601-15,000 volts.... 0.00170 26.8 1613. 


Bare . 
0.00034 24.0 2520. 
0,00063 13.0 48. 
0.00375 7 26.8 1613. 


0,00058 42.0 48. 
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Number 
of Plants Sample 


Number 
of Plants 
in 


Size 
Unit- 


Years Reported 


Sample 


Number 
of 
Failures 


Nusber 
of 


98 
YW 


10 
16 


TABLE 31 = BUS DUCT: INDOOR & OUTDOOR 
Unit = 1 Circuit Foot 


Failure Actual Hours Downtime/Failure 
Rate - Mint- Maxi- 
Failures mum Median um 
Equipment per Industry Plant Plant Plant 
Industry Sub Class Untt-Year Average Average Average Average 


All Voltages.......-.cecees 128, 0.5 9.5 2160. 


TABLE 12 - OPEN WIRE 
Unit = 1,000 Circuit Feet 


Failure Actual Hours Downt{ me/Fai ture 
Mini- Ma. 


mun Median mum 
Equipment pe Industry Ptant Plant Plant 
Indus try Sub Class Unit-Year Average Average Average Average 


ADL. cc ceeneceeceesees O- 715,000 volts.......... 
" cesvewecereevecece Above 15,000 volts........ 


Chemical............. 0+15,000 volts 


Petroleum............ Q-35,000 volts.........56 
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$ 
Unit- 


Years Reported 


5,248 
1,517 
183 


3,548 


2,060 
19,120 
18,940 

2,975 


1,961 
1,137 
737 


31,420 
11,420 


Nuaber 
of 
Faflures 


74 
14 


9 
51 


TABLE 13 - CABLE (ALL TYPES OF INSULATION) 
Unit = 1,000 Circuit Feet) 


Equipment 
SUb Class 


Above Ground & Aerial 
0-600 volts........cccvccnccaecee 
601-15,000 volts - ATl........... 
In Trays Above Ground.......... 
In Conduit Above Ground........ 
Aertal Cable. .........cccseeeee 
Be low pone & Direct Buria) 
0-600 VoltS.....ccceeneeeeeeees 
601-15 ,000 wolts - All........... 
In Duct or Conduit Below Ground 
Above 15,000 volts........ccenece 


Above Ground & Aerial 
601-15,000 volts - All........... 
In Trays Above Ground,......... 
Aerial Cable......... a bieiecsin'g'ate'e 
Below Ground & Direct —urtal 
601-15 000 volts - All........... 
In Duct or Condutt Below Ground 


Above Ground & Aerial 
601-15 ,000 volts - All........... 
Aerial Cable... .. cece eee eee 
Below Ground & Direct Burial 
601-15,000 volts - All........... 
In Duct or Conduit Below Ground 
Above 15,000 volts.....c.cscecces 


Failure Actual Hours Downtime/Fat lure 
Rate- Baie 1- 

Failures Median mum 
per Industry Plant Plant Plant 

Unit-Year Average Average Average average 


— 


MOAGS 
ore 


~~ 


0.01 437 


0.00388 
0.00617 
0.00613 
0.00336 


BRE oo 


S000 wWuaown 


3 
be 


0.02244 
0.00968 
0.03800 


0.00613 
0.00613 


0.00529 
0.00450 


0.02345 
0.02345 
0.00336 
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TABLE 14 - CABLE (ALL APPLICATIONS) 
Unit = 1,000 Circuit Feet 


Nusber Fat ture Actual Hours Gowntime/Fat aos 


of Plants Sample Nusber Rate- Mini- 
in Size of Fatiures mum =s-s Median 


Sample Unit- cal lures Angee Era leat Plant 
Years it-Year A A ep A ae 


Thermoplastic. . 
Thermosetting 
Paper Insulated Lead Covered... 


OUNET. cece etc e een enneee cooee 8.01832 


Chemical.......... «+» 601-15,000 volts. 
* Thermoplastic....... 0.00393 
thermosetting.............-... 0.01609 
Paper Insulated Lead Covered.. 0.02774 
0.02297 


Petroleum...... eeeeee 603-15,000 yoits 
. Thermosetting 0.00595 
Paper Insulated Lead Covered.. 0.01770 


Failure Actual Hours Downtime/Failure 
Rate- pint: Maxi- 
Failures Median 

Equipment per cana Plant 

Sub last Unit-Year A A 


"Above ground & Aerial.......... 0.000811 
In Duct or Conduit Below Ground 0.000864 


Chemical... «e.  601-15,000 volts 
“ PYTeseTeTy In Duct or Conduit Below Ground 0.000871 
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Number 
of Plants Sample 
in Size 
Sample Unit- Failures 
Size Years Reported Industry 


eerereceuece 


TABLE 16 - CABLE JOINTS (ALL APPLICATION 


Equipment 
Sub Class 


Thermoplastic 


Failure 


0.000754 


Thermosetting...... seweceeseees 0.001235 
Paper Insulated Lead Covered... 0.001037 


601-15,000 volts 
Thermoplastic 


TABLE 37 - CABLE TERMINATIONS (ALL TYPES OF INSULATION 


Number 

of Plants Sample Nusber 
in Size of 
Sample Unit- Failures 
Size Years Reported 


2 rien ea 


Beene erseernece 
epee sarnae 


vereensee 


chemical........... 


wee pereseee 


Petroleum.........- 
” * 


» 
suse eerene 


Equipment 
Sub Class 


Above Ground & Aerial 
0-600 volts arrire 
601-15 ,000 volts - AM... és 
In Trays Above Ground 
In Condutt Above Ground.... 
Aerfal Cable............-, 
In Duct or Conduit Below Ground 
601-15 ,000 volts...... 


Above Ground & Aerial 
607-15,000 volts - All 
Aerial Cable 


Above Ground & Aerial 
601-15,000 volts - All 
Aerial cable..... 


Actual Hours Downtime/Fai lure 
Mini- Maxi- 
mum Median mum 

Industry Fidel nore Case 


15.8 
102. < 
31.4 . 28.0 75.5 


14.8 4.4 


Fatlure Actual Hours Downtime/Failure 


Rate- 
Failures 


Mini- Maxt- 
mum Median mum 


per Industry Plant Plant Plant 
Unit-Year Average Average Average Average 


0.001848 
0.000303 


0.000814 
0.005367 


0.001087 


Z661L-€6p PIS 
EEE! 
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TABLE 18 - CABLE TERMINATIONS (ALL APPLICATIONS) 


Kumber Failure Actual Hours Downtime/Fatilure 
of Plants Sample Number Rate- Mini- Maxi- 
in S{ze of Fat tures mum Median mum 
Sample Unit- Equipment per Industry Plant = Plant Piant 
Size Years Industry Sub Class Unit-Year Average Average Average Average 


AM ceiesigvtseecd 683-15 ,000 volts 

Oe ee ESSER Ce Thermop}astic......... seeesee  0,004192 10.6 
OF gta tusyinieiste Ha Thermosetting. ..........ca0ne 0.000307 451, 

On Ae tiene bare te Paper Insulated Lead Covered. 0.000781 68.8 


TABLE 19 - MISCELLANEOUS 


[hunber fatture Actuat Hours Downttme/Fai ture 


of Plants Sample Number Rate- Mini- Maxt- 
tn Size of Failures mum, Median mun 
Sample Unit~ Fat lures Equi pwent per Industry Plant Plant Plant 


Size Years Reported Industry Sub Class 


6 Allissccscenave — FUSOS co etatecceescerecaanes 5.5 1.0 
6 S seeesecacase Protective Relays............ 5.0 G.5 

cm eenreneecet paseo es . 107. 2.1 185. . 
ine 9.0 8 3.4 52.2 72.0 


acceees  Inverter$........ cece ee eee 5 107. 2.1 18. 6S. 
Petroleum...... : 5 32.4 32.4 32.4 32,4 
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USER INSTRUCTIONS FOR IEEE SURVEY FORM ON 
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS 


(SPONSORED BY THE RELIABILITY WORKING GROUP, 
INDUSTRIAL PLANTS POWER SYSTEMS SUBCOMMITTEE, 
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS COMMITTEE) 


PURPOSE This survey is intended to collect data on failures that occur in in-plant electric 
eguipment and in public utility electric powar supplies that affect operationa in industrial plants. 
We hope that these data will determine not only accurate failure rates and repair times on major 
Classes of equipment, but will also give an insight into the causes of these failures in such a way 
that remedial recommendations may be formulated to reduce failures and to improve plant performance. 


MAILING INSTRUCTIONS Mail ail filled-out forms to the following address, 


IEEE-IGA Reliability Working Group 


Care of Assiatant Professor A D Patton, Sept of Electrical Engineering 
Texas A&M University 


College Station, Texas 77643 


DATA PROCESSING These forms will be given a confidential company code, and will then be key 
punched on cards for processing by # digital computer along with data collected from others. The 
computer will prepare a suitable report on failure rates, durations, and causes of failure. 


ADDITIONAL INFORMATION The reverse side of the Survey Form aske for additional information, The 
following information should be filied in on the reverse side of the first page of data for each 
plant: company name, plant name, type and location, the name, address, and phoné number of the 
individual submitting the data and/or the individual to whom questiona about the data may be 
directed. 


In addition, space is provided for remarks or clarifying comments on the data being reported, These 
comments should be filled in on all data sheets, if needed to clarify data. 


DEFINITIONS 


A component ie a piece of equipment, a line or circuit, or a section of a line or circuit, or a 
group of items which is viewed am an entity. 


A ayatem is a group of components connected or associated in a fixed configuration to perform a 
specified function of generating, transmitting, or diatributing power, 


A fatlure is defined as any trouble with a power system component that causes any of the following 
to occur, 


(1) Partial or complete plant shutdown, or below-standard plant operation 

(2} Unacceptable performance of user's equipment 

(3) Operation of the electrical protective relaying or emergency operation of the plant 
electrical system 

{4} Deenergization of any electric circuit or equipment 


A failure on a public utility supply system may cause the user to have either (1) a power 
interruption or loss of service, or (2) a deviation from normal voltage or frequency of sufficient 
magnitude or duration to disrupt plant production, 


A failure on an in-plant component causes a forced outage of the component, and the component 
thereby is unable to perform its intended function until it is repaired or replaced, 


Repair time of & failed component or duration of a failure ia the clock hours from the time of the 
Occurrence of the failure to the time when the component is restored to seryice, either repair 
of the component or by substitution with a spare component. It is not the time required to restore 
service to a load by putting alternate circuits into operation, 


Ie includes time for diagnosing the trouble, locating the failed componene, waiting for parts, 
repairing or replacing, testing, and restoring the component to service. 


Revision 3-4-71 
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2 
USER INSTRUCTIONS FOR IEZE SURVEY FORM OW 
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS 
(SPONSORED BY THE RELIABILITY WORKING GROUP, 
INDUSTRIAL PLANTS POWER SYSTEMS SUBCOMMITTEE, 
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS COMMITTEE} 


GENERAL INSTRUCTIONS 


THE SURVEY FORM The IEEE Survey Form 1° -1-70 is an input data form for a computer program. The 
date on these forms will be key punched onto computer cards and analyzed by the computer program. 


CODED DATA The Survey Form asks for coded and uncoded data. It is necessary to refer to the 
instructions in filling in either. The following shows the columns on each card type that requires 
filling in a code. 


CARD TYPE COLUMNS REQUIRING CODES 
1 1-10, 36 
2 11-18, 32-36 
3 25, 29, 30-53, 57, $8 


It may happen that none of the codes shown fit the particular case being reported. For such cases, 
the "other" code should be used, by filling a *9" or a "99" in the space provided. "Other" means 
not otherwise classified, If this is done, explain on reverse side of page, referring to card type 
and column number, 


EQUIPMENT CLASS A group of codes is used to specify an equipment clase. An equipment class 
consists of a main code, two sub-class codes, a voltage code and a aise code. These are explained 
in the instructions, For the example shown on the fillad-out form, this code is as follows. 


CLASS CODE DESCRIPTION 


Main 20 = transformer 

Sub 1 4-5 power 

Sub 2 34 = liquid filled 

Voltage 2 = 601-15,006 volts primary 
Size 3 = 300-750 KVA 


The above coded equipment class covers all liquid-filled power traneformers, with « primary voltage 
of 601-15,000 volts and rated 300-750 kVA. Any tranaformer in the plant that does not fit this 
example ie a different classification and requires a different coding. Thus, a 5000 kVA power 
transformer, liquid filled, 13.8 kV primary voltage would be coded 20-4-34-2-5, 


CARD-TYPES The Survey Form asks for three types of information under the headings CARD-TYPE 1, 
CARD-TYPE 2, and CARD-TYPE 3, 


In general, CARD-TYPE 1 asks for data on plant identification and other general plant information, 


CARD-TYPE 2 asks for data on a specific equipment class, including the total number of installed 
units, on their failure experience, on maintenance practices, and on estimated repair times of 
failed equipment. The total installed units and their failure experience ia the most essential 
data asked for. 


CARDS-TYPE. 3 aeka@ for data on each individual failure reported on a CARD-TYPE 2, 


A typical plant might have as many as, say 30 different equipment classes. These 36 equipment 
classes might have, for example 10 different failures, To report this information requires 30 
pages of the Survey Form, one for each different equipment class, CARD-TYPE 1 ie filled in 
completely on the first page and partly thereafter, CARD-TYPE 2 is filled in on each page. 
CARDS-TYPE 3 are filled in 10 times, once for each failure, if any. 


CARD-TYPE 1 CARD-TYPE 1 is used to identify the reporting company and plant of that company and to 
give general information about that plant, The firet 10 columns on this card are to be repeated by 
the key puncher onto CARD-TYPE 2 and CARDS-TYPE 3 for identification purposes. 

Only one CARD=TYPZ 1 is used by the computer program. However, we ask that on each page of the IEEE 
Survey Form that the first 7 columns be filled=-in in case the filled-out survey forms become 
separated, 

Fill in Itema 1-8 on reverse side of first page of data for each plant. 


ALL CARD TYPES Fill in CARD-TYPEB, column number, and remarks or comments on reverse side, if any, 
on all data cards, 
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USER INSTRUCTIONS FOR IEBE SURVEY FORM ON 
RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS 
{SPONSORED BY THE RELIABILITY WORKING GROUP, 
INDUSTRIAL PLANTS POWER SYSTEMS SUBCOMMITTEE, 
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS COMMITTEE 


CARD@-TYPE 2 The second ox CARD-TYPE 2 is used to report on each different equipment class in the 
plant, A typical plant might have a one type of utility supply, and several different classes each 
of transformere, circuit breakers, cables, etc, These different classes are shown in Columns 11-18. 
These Columns 11-18 are to be repeated by the key puncher on all CARDS-TYPE 3. There will be as 
many CARDS-TYPE 2 ae there are different equipment classes, 


Bach CARD-TYPE 2 is used to report (1) the total number installed of one equipment clase and the 
totel number of failures exparienced (if any) of that equipment class, 


In addition, each CARD-TYPE 2 is used to report on maintenance practices and estimated repair times. 
These are your best estimate of repair times, These estimated times will be used if actual repair 
times are not known, or if actual repair times are much different from the average for some special 
Teason which ie unlikely to recur. We prefer to use actual data if available. 


These data are to be left blank for failures on the utility power supply, since this information 
4a not normally available. 


CARD-TY?E 3 The third or CARD-TYPE 3 is used to repert on actual data for each failure reported 
Oh a corresponding CARD-TYPE 2, Thus, associated with each CARD-TYPE 2 is a set of CARDS-TYPE }, 
The number of CARDS-TYPE 3 will be the same as the number of failures (column 31) reported on CARDS- 
TYPE 2, for example, if a CARD-TYPE 2 has a 3 in Column 31, then 3 CARDS-TYPE 3 should be filled in. 


Each CARD-TYPE 3 reporte specific information cn one failure, such as failure duration, urgency of 
repair, cause of failure, loads affected by the failure, and effect of failure on plant operations. 


RIGHT*ADJUSTMENT OF DATA In filling in data, numbers should be right-adjusted, that is, they must 
end in the right~hand column of the assigned field. This means that if, for example, the survey form 
provides 3 columns to insert data but a two-digit number is to be inserted in the space available, 
then the number should he filled into the two right-hand columns, 


SAMPLE FILLED-OUT FORM Refer to the attached sample filled-out form. This gives an example of a 


veport on one class of traneformers with two failures. 
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SAM PLE 
ioare Be - 7/7 TREE SURVEY FORM 11-1.70 Paces (5° pace 4 


RELIABILITY OF ELECTRIC EQUIPMENT IN INDUSTRIAL PLANTS 


(REFER To SURVEY FORM era 
CARD - TYPE | (NOTE ~ * REFERS TO CODED DATA} 


CRITICAL 
SaAvicE 
LOSS 
DURATION 


ee 


pease ua PLANT MAX. 
a= OUTAGE COST, § DEMAND AT 
PLANT 
DESIGN 
penur. | cAPActry, xw 
DOWNTIME 


PERIOD COVERED este ESTIMATED CLOCK HOURS 
BY THIS REPORT TO REPAIR A FAILURE 
WO. OF 
IT REPAIR FAILED 
eee 


Se ee eee 


ESTIMATED PLANT 


PLANT RESTART 
Time, HOURS 
CARD TYPE 


CARD - TYPE 2 


NUMBER OF 
FAILURES 
‘a CARD TYPE 


CARDS - TYPE 3 


COMTRIBUTING 
e 
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5 
USER INSTRUCTIONS FOR CARD-TYPE 1 


{REFER TO SURVEY FORM INSTRUC TIONS} 
(MOTE - * REFERS TO CODED DATA) 


esruareo rant | oy wer wae 
is OGMAND AT 


PLANT 
DettGH 
CAPACITY, KW 


Fen Paes eee eeeeeseeneeseenee 422000 


Company Code 


Plant No 


Plant Type 


Plant Location 


Plant Climate 
(For entire 
plant site) 


Plant Atmosphere 
(For entire 
Plant site) 


Plant Operating 
Schedule 
Hours per day 

Days per week 


Estimated Plant 
Outage Cost, Dollars 


Per Failure 


CODE 


WOW Wm ur 


CeEeywFsVweaune 


DevwKRveawne 


DESCRIPTION 


Fill in on all pages a three-letter abbreviation of company name for 
identification of date. 


Fiil in on all pages a sequence number starting with "1" for Plant l, 
“2° for Plant 2, etc. for identification of data. A plant may consist 
of one or more unita at the same site. 

Fill in on all pages the plant type 


Auto Industry 

Cement Industry 

Chemical Industry 

Metal Industry 

Mining Industry 

Petroleum Industry 

Pulp and Paper Industry 
Rubber and Plastics Industry 
Textile Industry 

Other Light Manufacturing 
Other Heavy Manufacturing 
Other 


USA and Canada 
Foreign 


Average of daily maximums for hottest month: 


Temperature Relative Humidity {RH} (measured at noonto 2 PM ST 
Hot (>90F) High @55 RH) 
Hot O90F) Moderate { 50-55 RH) 
Hot (90Fr) Low (€50 RH) 
Moderate (80-90F} High (55 RH} 
Moderate (80-90F} Moderate { 50-$5 RH) 
MOderate {80-90F) Low (€50 RH) 
Low (80F) High (255 RH) 
Low (<80F) Moderate (50-55 RH) 
Low sor) Low (€50 RH) 


Clean to slightly polluted air 

With salt spray and corrosive chemicals 
With salt spray and dust or sand 

With salt spray only 

With corrosive chemicals and dust or sand 
With corrosive chemicals only 

With dust or sand only 

With conductive dust 

Other 


Give hours per normal working day that plant operates 


Give days per normal working week that plant operates 


Extra axpense incurred because of a failure only (not including plant 
downtime}, such as for damaged equipment, spoiled product, extra 
maintenance, or extra repair costs 
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CARD - TYPE 1 


Per hour downtime 


Plant maximum demand 
at design capacity, 
kW 


Plant restart time, 
hours 


Critical service loss 
duration 


No of units 
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USER INSTRUCTIONS FOR CARD-TYPE 1 


{REFER TO SURVEY PORM INSTRUCTIONS) 
(QROTE ~ * REPERS TO CODED DATA) 


DESCRIPTION 


Value of lest production in dollare per hour of plant downtime only. 
Thie ie the estimated revenues (sales price) of product not made, less 
expenses saved in labor, material, utilities, etc. If thia varies 
with the duration of the plant downtime, use an average value per hour. 


Give the maximum electric power demand when the plant ia operating at 
ite rated or design capacity in kilowatta, 


Give the time required to get the plant back into operation after 
service is restored following a failure that has caused s complete 
plant shutdown, hours, 


Give the maximum time in units defined in Col 36 of loss of service 
to the plant which will not cause a complete plant shutdown. Any 
Power interruption of longer duration will cause a plant shutdown, 
In other words, give maximum length of power failure that will not 
stop plant preduction, This time is typically in the range of 
cycles to minutes, 


Select code for appropriate time unit that will give accurate results, 
Days 
Hours 
Minutes 
Seconds 
Cycles 


Copyright © 1998 IEEE. All rights reserved. 223 


IEEE 
Std 493-1997 


,aD 

Cano - TYPE 2 
CoOL 
UM WAME 


1, Main Clase 


13° «Bub Class 1 


224 
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we we 


oO 


? 
USER INSTRUCTIONS FOR CARD-TYPE 2 


DESCRIPTION 


Select appropriate code for Column 11-186 


Utility power supplies to plant 
Transformers 
Circuit Breakers 


Cable (Excluding joints and terminations) 


Cable Joints 

Cable Teruinations 
Cable Duct or Busway 
Open Wire 

Busduct 

Switchgear Bus -insulated 
Switchgear Bus -bare 
Motore 

Generators 

Motor Starters 
Disconnect Switches 
Miscellaneous 

Other 


eee 
Liifars. [are brs 
en ee ee ee 
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For 10-Utility Power Supplies {A redundant supply will carry the plant 


load, if the normal circuit is out of service) 


Bingle Circuit {No redundant supply) 
Double Circuit (One redundant supply) 


Three or more circuits (two or more redundant supplies) 


Por 20 - Transformere 


Power 
Other 


For 30-Circuit Breakers 


Metal Clad, drawout 
Fixed Type (includes molded case type) 


For 40-47 Cable or Bus 


Cable in Trays - aboveqround 

Cable in Conduit -aboveground 

Aerial Cable 

Direct Buried Cable 

Cable in Duct or Conduit -belowground 
Bus or Busduct -indoor 

Bus or Busduct -cutdoor 


For 50 - Motors 


Induction, ac 
Synchronous, ac 
Direct-current 


For 60 - Generators 


Steam Turbine Driven 

Gas Turbine Driven 

Diesel or Gas Engine Driven 
Motor-driven 

For 70 ~ Motor Starters 
Contactcr Type 
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USER INSTRUCTIONS FOR CARD-TYPE 2 


CARD ~ TYPE 2 


iiss. 
ele bby | odeiSiy PEE Birpek' Sty 


TC Oh 2 CC 
ee ee ee 


coL 
UNS NAME CODE OBSCRIPTION 
13. Sub Class 1 (Cont) For 80 - Disconnect Switches 
25 Open 
26 = Enciosed 
For 90 - Miscellaneous 
27 Fuses 
28 Protective relays 
23 Batteries 
30 Inverters 
31 Rectifiers 
$90 «Other 
15 Sub Class 2 For 10-Utility Supplies 


When service is lost because of a loes of one circuit of a 
redundant supply service is restored 


~ 


Automatically 
By remote control 
Manually 


wn 


Por 20 - Transformers 


34 = =6Liquid Filled 


35 Dry Type 
38 «= Rectifier 


Por 40-51 Cable 
Type of Insulation 
40 ‘Thermoplastic (PVC) 
41 Thermoplastic (Polyethylene) 
42. Thermosatting (S8R {Buna 8) Rubber) 
43 Thermosetting (Butyl Rubber) 
44 Thermosetting (Oil Based Rubber) 
45 Thermosetting (Cross-Linked Polyethylene) 
46 Thermosetting {Silicone Rubber) 
47 Thermosetting (Ethylene Propylene) 
49° 0«=- Thermosetting (Chlorosulphated Propylene) 
49 Paper-Insulated Lead Covered 
$0 Varnished Cambric Insulated-Lead Covered 
$1 Mineral~iIneulated 


99 Other (Applies to Col 13-15, all classes, if not otherwiee classified) 


17) Volt Clase 1 
2 601-15,000 volt 
3 Above 15,000 volt 
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a1 
23 
25 
27 


31 


33 


34 


36 
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CARO - TYPE 2 


NAME 


Size Class 


Period covered by 
this report 
From: Mo 

From Yr 

To: Mo 

To: Yr 

No of inetalled 
units 


No of Failures 


Average Age 


Maintenance 
Normal Cycle, Mo 


Maintenance Quality 


CODE 


~ 


aw 


ewnry whe 


NAW eavVaPE 


PEntoo Covened 
OY THIS REPORT 
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9 
USER INSTRUCTION FOR CARD-TYPE 2 


retana GITMIATED CLOCK HOURS 
TO REPAIR A FAILURE 
T= aan | aeya | 
ve | obi Sir | vde'Bin Ue Sarpab’ say 


DESCRIPTION 


For Main Class 10 - Utility Supplies 
For Main Class 30 - Circuit Breakers 
For Main Class #0 - Disc Switches 


For Main Class 90 ~ Miscellaneous, Fuses 


100-600 amperes 
Above 600 amperes 


For Main Class 20 ~ Transformers 
300-750 kVA 
751-2499 kVA 
2500-up kVA 
For Main Class 40-45 - Cable, etc 
Above No 1 AWG 
For Main Class 50 - Motors 
For Main Class 70 - Motor Starters 
50-1500 horsepower 
Above 1500 horsepower 
For Main Class 60 - Generators 

up kW 
Give month and year (numerals) for period for which failure data is 
available 


Starting Month (Try to include data from date of installation) 
Starting Year 
Ending Month 
Ending Year 
Give total number of units installed. 
length of circuit or run in M ft, For cable duct or busduct, give 
circuit length in feet. for switchgear bus, give the number of 
connected circuit breakare or instrument transformer compartments, 
For utility power supplies, give the number of S¢parate supplies. 


Give total number of failuxea that occurred during period of report. 
If more than 10 use additional page. 


ear a: sien 


1-10 years old 
More than 10 years old 


(Try to include data to date of this report) 


For cable or open wire, give 


Give normal cycle for preventive maintenance - (even if a failure has 
Leas than 12 montha Rot occurred) 

12-24 months 

More than 24 months 

No preventive maintenance 


Your eatimate of quality of preventive maintenance is - 
Excellent (by own forces) 

Fair (by own forces) 

Poor, inadequate (by own forces) 

None 

Excellent (by contracted forces) 

Fair {by contracted forces} 

Poor inadequate (by contracted forces) 
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USER INSTRUCTIONS FOR CARD-TYPE 2 


CARD ~ TYPE 2 


PERIOD COVERED : RESTATED CLOCK HOURS 
BY THIS REPORT TO REPAIR A PAMLUAE 
REPAIR FAIL EO 
eae? | wtersesty ES 
= 
3 


GG [vain | nde’ Siv pe avpab ty 
Te Ce ee 
FO Pe Pe re re ree eee PO ee eee eee 


DESCRIPTION 


Estimated clock hours Repair time (see definitions} Fili in the clock time for diagnosing 
the trouble, locating the failed component, waiting for parts 
repatring or replacing, testing and restoring the component to 
service, This is your estimate of the average repair time. Please 
nota that actual repair timea are requested in CARD-TYPE 3, Col 26. 
Explain on reverse side how work is done if by other than own forces. 


Repair failed component With repair of failed equipment 


24-hr per day On round-the-clock emergency baais 
f-hr per day On basis of repair during normal work day 


With replacement of failed equipment with a spare by removal of 
failed aquipment and substitution of spare equipment 


Repair with spare 
@4-hr per day On round-the-clock emergency basis 
B-hr per day On basis of repair during normal work day 
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USER INSTRUCTIONS FOR CARD-TYPE 3 


CEE OO DOCOCmEOOoDS 


Failure ¥co 


Pailure Cate 
Mo 
Yr 


Failure Forewarning 


Failure Duration 


Wo of Units 


Unite 


Failure Repatr 
Method 

Failure Repair 
Urgency 


Failure, months 
since maintained 


Failure, Damaged 
Part 


228 


fuwwP 


@e@rwenrtAueuwnr 


DESCRIPTION 


Pill in one card (line) for each failure. The last failure number in 
Cok 1% should correspond with the total failures reported in Col 31 of 
CARD-TYPE 2. If that number was "0" then no Trpg 3 cards should be 
filled in, 


Fill in month failure occured (numeral) 
Pill in year failure occurred (numeral) 


Yor public utility power interruption only 
If no forewarning was given 

Tf forewarning was given 

For other types of failure, leave blank 


Pill in duration of failure from ite initiation until (1) service is 
reetored to normal, if a power interruption, or {2} the affected 
component ox its replacement once again becomes available to perform 
ite intended function. 


Pill in the number of time units selected in Col 29. 


Select code for appropriate time unit that will give accurate results, 
Por most cases select hours as unit. 

Days 

Hours 

Minutes 

Seconde 

Cycles 

Select code for Col 30~44 (Leave blank for uetiivy failures} 

Rapair of failed component in Place or sent out for repair 

Repair by replacement of failed component with spare 

Requiring round-the-clock all out efforts 

Requiring repair work only during regular workday, perhaps with some 
overtime. 

Requiring repair work on a non-priority basis. 


Failed component last hed preventive maintenance - 
Less than 12 months ago 

12-24 months ago 

Over 24 months ago 

No preventive maintenance 


Insulation = winding 

Insulation - bushing 

Insulation - other 

Mechanical - bearings 

Mechanical ~ other moving parts 
Mechanical - other 

Other electrical - auxiliary device 
Other electrical - protective device 
Tap changer - no load type 

Tap changer - load type 

Other 
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42 
USER INSTRUCTIONS POR CARD-TYPE 3 


CARDS ~ TYPES 


Baia 


MmQUOOCOCmEOODS 
Tati pitti tae TT PY 


DESCRIPTION 


Failure Type Plashover or arcing involving grour..? 
All other flashover or arcing 
Other electrical defect 
Mechanical defect 
Other 


Your best estimate of suspected responsibility 


Failure 
Responsibility 


Manufacturer-defective Component 

Transportation to Site - defective handling 
Application Engineering - improper application 
Inadequate installation and testing prior to startup 
Inadequate maintenance 

Inadequate operating procedures 

Outside agency -personnel 

Outaide agency -other 

Other 


wow naWNeauwne 


Failure 


Initiating Cause Inaulation breakdown caused by 
Transient overvoltage disturbance (lightning, ewitehing surges, 
arcing ground fault in ungrounded syetem) 
Overvoltage 
Overheating 
Other insulation breakdown 
Mechanical breaking, cracking, loosening, abrading, or deforming 
of static or structural parte 
Mechanical burnout, friction, or seizing of moving parts 
Mechanically caused damage from foreign source (digging, vehiculer 
accident, etc) 
Shorting by tools or metal objecta 
Shorting by birds, snakes, rodenta, etc 
Loss of control power 
Malfunction of protective relay control device, or auxiliary device 
Low voltage 
Low frequency 
Other 


44) Paiiure Persistent overloading 

Contributing Cause Above-normal temperatures 
Below-normal temperature 
Exposure to agreseive chemicels or solvents 
Exposure to abnormal moisture or water 
Exposure to non-electrical fire or burning 
Obstruction of ventilation by foreign object or material 
Normal deterioration from age 
Severe wind, rain, snow, sleet, or other weather conditions 
Protective relay improperly set 
Loess or deficiency of lubricant 
Loss or deficiency of o41 or cooling medium 
Misoperation or testing error 
Exposure to dust or cther contaminents 
Other 
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13 
USER INSTRUCTIONS FOR CARD-TYPE 3 


SS a ed 
ee 


OC OGM OOS 
ea ea Ed aaa ey pa 
UMN NAME CODE DESCRIPTION 


46 Failure Utility Power § lies (Select code) 

Characteristic Failure of Singie Circuit (No redundant supply?) 
Failure of one circuit of a double-circuit redundant supply 
Pailure of both circuits of a double-circult redundant supply 
Failure of ali circuits of a three or more circuit redundant supply 
Partial failure of a three or more circuit redundant supply 


CARDS ~ TYPE) 


we wane 


Transformers (select code) 
6 Automatic removal by protective equipment 
7 Partial failure reducing capacity 
8 Manual removal 
Circuit Breakers (Select code} 
9 Pailed to close when it should 
30, = Failed while opening 
ll Opened when it shouldn't 
12 Damaged while successfully opening 
13 Damaged while closing 
14 Failed while operating (not while opening or closing) 


General (Select code for any other class} 
15 Failed (this applies to all classes) 
16 Failed during testing or maintenance 
17 Damage discovered during teating or maintenance 
20 Partial failure 
99 Other 


Loada Lost What loads were lost because of failure {l=yes, O=no, 9= not Known) 
aven though power is restored promptly 


480 «Computer One ox more computers or solid-state control devices operated 
incorrectly 


49 = Motor One or more motors (contactor dropout) 

$0 Lighting Lighting load 

$1 Solenoid One or more solenoid -operated devices dropped out, such as a solenoid 
Operated fuel valve 

52 Other Lost other loads, describe in remarke 

$3 Percent Production 0 None 


Lost i 0-30 percent 
2 Above 30 percent 
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14 
USER INSTRUCTIONS FOR CARD“TYPE 3 


CARDS - TYPES 


L0abs Lost 


ee 
crt asi tal ii 


q000 
Shotithotht tt SRE PER ERRE WHER 


UMN NAME. coor DESCRIPTION 
54 No of Units Pill in number of tine units selected in Col 57 


$? Units Select code for appropriate time unit that will give accurate 
results. For most cases select hours as unit. 

Days 

Hours 

Minutes 

Seconds 

Cycles 


Wewne 


58 Service restored Give method of restoring service to plant 
Primary selection -manual 

Primary selection -automatic 

lection -manual 

Secondary selection -automatic 

Network protector operation -automatic 
Repair of failed componenet 

Replacement of failed component with spare 
Utility restored service 

Other -explain in remarks 


Coaywsaumawne 
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Discussion 


Motors 

The data in Tabies 7 and 2 show that synchronous motors, 
0-600 V, have a failure rate approximately 15 times lower 
than induction motors, 0-600 V. It is believed that the failure 
0.0007 per year for synchronous motors, 0-600 V, is much too 
low and is in error. It is believed that synchronous and induc- 
tion motors, 0-600 V, should have failure rates that are nearly 
the same. 


Generators 


The data in Tables 8 and 2 show that steam turbine driven 
generators have a failure rate almost 20 times lower than gas 
turbine driven generators. It is believed that the failure rate of 
0.032 per year for steam turbine driven generators is too low; 
the failure rate should probably be several times higher than 
this value. The gas turbine data in Table 8 show that one plant 
in the petroleum industry had 54 failures in 5.5 unit-years; 
this compares with 3 failures in 83.9 unit-years for the other 
three plants that submitted data in the survey. It is believed 
that the overall failure rate of 0.638 per year for gas turbines is 
too high. 


Open Wire 
A clear definition was not given for “open wire” on the 
survey form (see Appendix A). It is believed that all of the 


respondents interpreted “open wire” to mean “‘bare or weather- 
proof conductors supported on insulators.” 


Cable 


The data in Tables 13 and 2 show that cable above ground 
and aerial has a failure rate for 0-600 V that is ten times lower 
than 601-15 000 V. It is believed that the failure rate of 
0.00141 per unit-year for 0-600 V above ground and aerial is 
too low. 

There is a wide variation in the faiture rate for cable, 601- 
15 000 V, based upon the application (in trays above ground, 
in conduit above ground, aerial cable, in duct or conduit below 
ground). This variation covers a range of 8 to 1. It is believed 
that the failure rate of 0.04918 per year is too high for cable, 
601-15 000 V, in conduit above ground. 

There is a wide variation in the cable failure rate shown in 
Table 14 (and Table 2) for the different types of insulation 
(601-15 000 V, all applications). These failure rates vary over 
a range of 5 to 1. The very low failure rate data for thermo- 
plastic insulation and the high failure rate data for other 
insulation came primarily from the chemical industry. 


Switchgear Bus 


The failure rate in Table 10 (and Tabie 2) shows that insu- 
lated bus, 601-15 000 V, has a failure rate about three times 
higher than bare bus, above 600 V. It is believed that this is 
the opposite of what it should be. The data submitted by the 
chemical industry has caused this distortion; they had a very 
high failure rate for insulated bus (601-15 000 V) and a low 
failure rate for bare bus (above 600 V). 


Electric Utility Power Supplies 


The data for electric utility power supplies are shown in 
Tables 3 and 2. The failure rate is about the same for a single 
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circuit and a double or triple circuit. This is evidently due to 
the predominance of the throwover mode of operation of mul- 
tiple-circuit supplies. However, the actual downtime per failure 
is about three to nine times higher for a single circuit than fora 
double or triple circuit; the downtime depends on whether 
manual switchover or automatic switchover is used on a mul- 
tiple-circuit system. 

It appears that many respondents misinterpreted the “num- 
ber of installed units” for double- or triple-circuit electric 
utility power supplies. What was desired was the number of 
separate and independent points of supply, but this was often 
interpreted to be the number of circuits in the utility supply 
system. Thus the tendency was to report two installed units 
for double-circuit supplies. It is believed that this error was 
made in almost every case. Therefore, the Reliability Sub- 
committee changed the number of installed units for muttiple- 
circuit utility supplies to I except in those cases where other 
evidence indicated the presence of more than one point of 
supply. The sample size shown in Tables 3 and 2 reflects this 
change for double- or triple-circuit electric utility power sup- 
plies. Thus 2 double- or triple-circuit supply for one year is 
counted as one unit-year, 

It also appears that a few respondents incorrectly interpreted 
failure duration on card type 3 for multiple-circuit electric 
utility supplies. What was desired was the period of time 
during which service was interrupted. However, in a few cases 
it appears that what was given was the time to repair one cir- 
cuit of a multiple-circuit supply even though the supply 
interruption time is limited to the time required to throw over 
to the alternate supply circuit. The Reliability Subcommittee 
changed the failure duration to the value given for plant out- 
age duration in those cases in which such an error was 
believed to exist. However, it is suspected that not all of these 
errors were corrected, The effect of this change was to reduce 
the actual hours of downtime per failure for multipte-circuit 
supplies, The majority of the multiple-circuit supply failures 
are due to loss of the normal feed, and the duration of the fail- 
ure is limited to the time to switch to the alternate feed. The 
average outage duration in Tables 3 and 2 is shorter for auto- 
matic switching than for manual switching, as one would expect. 

There were 25 recorded cases of simultaneous failure of all 
circuits in a double- or triple-circuit supply. This gives a 
failure rate of 0.119 failure per year for loss of all circuits at 
one time. Further details on this are given in Part 3 [13]. 
Thus a multiple-circuit electric utility power supply has a 
faiture rate (loss of al} circuits at one time) that is only about 
five times lower than the failure rate (0.537 failures per year) 
for a single-circuit supply and about six times lower than the 
all-inclusive failure rate of 0.643 failure per year. The ratio 
between all-inclusive failure rate and the failure rate for loss of 
all circuits at one time is not as large as one might suspect. 
Some of the reasons for this are the following. 

1) Some portion of utility supply failures are due to failure 
of the butk power system which feeds ail the supply circuits. 

2) Atleast some cases of loss of all circuits at one time occur 
when a forced outage of one circuit overlaps a scheduled or 
maintenance outage of the other circuit (typical utility industry 
data indicate that this type of overlapping outage is often more 
probable than overlapping forced outages). 

3) The all-inclusive failure rate is, in effect, an average out- 
age rate reflecting the performance of some throwover schemes 
and some normally closed breaker schemes. Thus, since throw- 
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over schemes are expected to have higher outage rates than 
normally closed breaker schemes, it follows that the computed 
all-inclusive outage rate is probably somewhat lower than the 
outage rate which would be computed for throwover schemes 
only. (Unfortunately we cannot compute the throwover 
scheme outage fate since we do not know which of the reported 
utility supplies are throwover schemes.) 

Only point 3) reflects on the accuracy of the data; the other 
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two points just reflect the facts of life. 

A comparison of the all-inclusive failure rate (0.643 failures 
per year) with the failure rate for loss of all circuits at one time 
(0.119 failures per year) gives a rough idea of the degree of 
supply failure rate improvement possible by going from a 
throwover scheme to a scheme using normally closed circuit 
breakers. 
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Report on Reliability Survey of Industrial 
Plants, Part II: Cost of Power Outages, 
Plant Restart Time, Critical Service Loss 
Duration Time, and Type of Loads Lost 
Versus Time of Power Outages 


IEEE COMMITTEE REPORT 


Abstrect-An [EEE sponsored reliability survey of industrial plants 
was completed during 1972. This survey included the cost of power 
outages, plant restart time, critical service loss duration time, and type 
of loads lost versus power outage duration time. Survey results reflect 
data from 30 companies covering 68 plants in nine industries in the 
United States and Canada. This information is useful in the design of 
industrial power distribution systems. 


INTRODUCTION 


NOWLEDGE of the cost of power outages and of 

plant restart time is important information for use in 
the design of industrial power distribution systems. In addi- 
tion it is also desirable to know the critical service loss dura- 
tion time and the type of loads lost versus the time of power 
outage. 

During 1972 the Reliability Subcommittee of the IEEE 
Industrial and Commercial Power Systems Committee com- 
pleted a reliability survey of industrial plants. This is the 
second part, which reports results from the survey. Included 
in this paper are the following results: 


1) cost of power outages to industrial plants in the United 
States and Canada (dollars per kilowatt interrupted plus 
dollars per kilowatthour of undelivered energy); 

2) plant restart time after a failure that has caused complete 
plant shutdown; 

3) critical service loss duration time, that is, the maximum 
length of power failure that will not stop plant 
production; 

4) type of loads lost versus the time of power outage (this 
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includes computer, motor, lighting, and solenoid loads, 
and gives plant outage duration times resulting from 
these failures). 


Paper TOD-73-158, approved by the Industrial and Commercial Power 
Systems Committee of the IEEE Industry Applications Society for 
presentation at the 1973 Industrial and Commercial Power Systems 
—— Conference, Adanta, Ga., May 13-16. Manuscript released 

for publication November 5, 1973, 

lembers of the Reliability Subcommittee of the IEEE Industrial and 


Commercial Power Systems Committee are W.H. Dickinson, Chairman, 


P. E. Gannon, M. D. Harris, C. R. Heising, D. W. McWilliams, R. W. 
Parision, A. D. Patton, and W. 3. Pearce. 


SuRVEY FoRM 


The survey form used is shown in Appendix A of Part 1 
{1]. The information on the cost of power outages came 
from card type 1, columns 13, 20, and 25. Card type 1 also 
contained plant restart time (column 31) and critical service 
loss duration (columns 33 and 36). 

The data on type of loads lost came from card type 3, 
columns 48, 49, 50, 51, and 52. The data on time of power 
outage came from columns 26 and 29 of card type 3; these 
data are actually the outage duration time after a failure of 
the electric utility power supply or a failure of electrical 
equipment in the power distribution system. 


RESPONSE TO SURVEY 
A total of 30 companies responded to the survey question- 
haire reporting data on 68 plants from nine industries in the 
United States and Canada. Every response did not supply all 
the information requested on every question. Tables 22-29 
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give data on how many plants provided answers to the 
various questions. 


STATISTICAL ANALYSIS 


The results were compiled for the United States and Canada. 
Data from one foreign plant are also included separately. 


SuRVEY RESULTS 
Cost of Power Outages 


Each plant was asked to report data on the cost of power 
outages as follows: 

1) Dollars per failure, ie., extra expense incurred because 
of a failure only (not including plant downtime) such as for 
damaged equipment, spoiled product, extra maintenance, or 
extra repair costs. 

2) Dollars per hour of downtime, i.e., value of lost produc- 
tion in dollars per hour of plant downtime only. This is the 
estimated revenues (sales price) of product not made, less 
expenses saved in Isbor, material, utilities, etc. If this varies 
with the duration of the plant downtime, an average value per 
hour was to be given. 

3) Maximum electric power demand when the pliant is 
operating at its rated or design capacity in kilowatts. 

This made it possible to calculate an estimate of the cost of 
power outages in terms of the dollars per kilowatts inter- 
rupted plus the dollars per kilowatthours of undelivered 
energy. The average cost of power outages from the survey 
is given in Table 20. 
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Of the 41 plants that reported outage cost data in the survey, 
31 had @ maximum demand greater than 1000 kW and 10 had 
a maximum demand less than 1000 kW. Cost data for plants 
with maximum demands less than 1000 kW are not considered 
particularly reliable due to the small number of such piants 
represented in the data. 

There is a wide spread in the cost of power outages. Con- 
sequently few plants with high outage costs can have a 
significant effect on the overall average cost, In such cases 
the median cost of power outages may be more representative 
than the average cost. The median cost is such that half of the 
plants have a cost greater than this value and half have less. 
Table 21 shows the median power outage costs. Additional 
details on the cost of power outages are given in Tables 22-27. 
These additional! details include: 1) number of plants reporting 
the outage cost per failure and the outage cost per hour of 
downtime, 2) minimum plant cost, 3) maximum piant cost, 
4) costs for various industries. 

Tables 22, 24, and 26 give the cost of outage per failure per 
kilowatt maximum demand. Tables 23, 25, and 27 give the 


cost of a sustained outage per hour down per kilowatt maxi- 
mum demand. 


Plant Restart Time 


Each plant was asked to report data on the time required to 
get the plant back into operation after service is restored 
following a failure that has caused a complete plant shutdown. 
A total of 43 plants reported these data. The average plant 


TABLE 20 - AVERAGE COST OF POWER OUTAGES FOR 
INDUSTRIAL PLANTS IN THE UNITED STATES 
OF AMERICA AND CANADA 


Plants> 1000 kW 
Max. Demand 


Plants < 1000 kw 
Max. Demand 


Al] Plants $1.89 per kW + $2.68 per kWh 
$1.05 per kW + $0.94 per kWh 


$4.59 per kW + $8.11] per kWh 


TABLE 21 - MEDIAN COST Of POWER OUTAGES FOR 
INDUSTRIAL PLANTS IN THE UNITED STATES 
OF AMERICA AND CANADA 


All plants 


Plants > 1000 kW 
Max. Demand 


Plants < 1000 kW 
Max. Demand 
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$0.69 per kW + $0.83 per kWh 
$0.32 per kW + $0.36 per kWh 


$3.68 per kW + $4.42 per kwh 
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Testart time was 17 h. The median was 4h. Additional de- 


tails are given in Table 28. 
Critical Service Loss Duration Time 


One of the most commonly asked questions is, What is a 
power failure? In particular, How long can power be lost 
without causing a complete plant shutdown? Each plant was 
asked to report data giving the maximum length of power 
failure that will not stop plant production. This time is 
typically in the range of cycles to minutes and is called 
“critical service loss duration time.” 

A total of 55 plants reported data on critical service loss 
duration time. The median value was 10s, that is, half of the 
plants were greater than this value and half were less. Addi- 
tional details are given in Table 29. 


Loads Lost Versus Time of Power Outage 


Each plant was asked, What loads were lost because of fail- 
ure even though power was restored promptly? Five types of 
loads were included in the survey: 


1) computer: one or more computers or solid-state control 
devices operated incorrectly; 

2) motor: one or more motots (contactor dropout); 

3) lighting: lighting load; 

4) solenoid: one or more solenoid-operated devices dropped 
out, such as 4 salenoid-operated fuel valve; 

5) other: lost other loads, to be described in remarks. 


A very short outage duration time after an equipment failure 
(including electric utility power supply) might not result in a 
loss of load. Table 30 shows how short power outage duration 
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times after an equipment failure affected the loads iost. The 
average plant outage duration resulting from these failures is 
also given in Table 30. 


Discussion OF RESULTS 
Cost of Power Outages (Tables 20-27) 


1) There is a wide spread in the cost of power outages (per 
kilowatt and per kilowatthour) of industrial plants. Even 
within a given industry, such as chemical, there is a wide spread 
in the cost of power outages (per kilowatt and per kilowatt- 
hour) for different plants. 

2) Plants with a maximum demand of less than 1000 kW 
have a much higher cost of power outages (per kilowatt and 
per kilowatthour) than plants with a maximum demand of 
greater than 1000 kW. This indicates that small industrial 
plants have a higher cost of power outages {per kilowatt and 
per kilowatthour) than large industrial plants. It is suspected 
that this may be because the small industrial plants have more 
employees per kilowatt (and per kilowatthour). It is also pos- 
sible that high-consumption industries tend to have a lot of 
electrochemical or heating processes, and these tend to have 
low outage costs; for example, heat not supplied now can be 
supplied later, providing the outage is not too long. 

3) It is suggested that the “‘all-industry” data for the 41 and 
42 plants should be compiled to show 25 percent and 75 per- 
cent in addition to the minimum median and maximum val- 
ues already tabulated (Tables 22 and 23). 

4) It is suggested that future surveys also include the cost of 
power outages (per kilowatt and per kilowatthour) of com- 
mercial buildings. 
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TABLE 22 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND - 
ALL PLANTS ($ per kW) 


Reporting 


weet enecarreaeeeeenaas 


es 


Mining.........s0.05 spmhes 
Petroleum......cerasecsaaee 
Pulp and Paper.........005. 
Rubber and Plastics....... 

Textile... ccc cece cceccnes 
Other Light Manufacturing. . 
Other Heavy Manufacturing. . 


emt e meron tenes eerenane 


Minimum Median Maximum Average 


-002 -69 10.00 1.89 


02 22 3.33 75 
"18 — — 2.42 — 4.67 —— 2.42 


-002 -07 31 12 
-33 33 33 .33 
28 — — .50— — .71 — — .50 
-07 1.00 1.92 7,00 
09 1.10 2.80 1,22 
-67 3.85 10.00 §.1] 
25 94 7.50 2.86 
33 -33 33 33 


TABLE 23 - PLANT OUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND - 
ALL PLANTS ($ per kWh) 


Reporti ng 


Pulp and Paper 

Rubber and Plastics......-.-—— ~—— 
Textile 

Other Light Manufacturing... 

Other Heavy Manufacturing. . 


Q 
0 
2 
2 
0 
2 
] 
3 
1 
6 
8 
6 
1 


Minimum Median Maximum Average 
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TABLE 24 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND - 
PLANTS MORE THAN 1,000 kW MAX. DEMAND ($ per kW) 


Industry Reporting Minimum Median Maximum Average 


MO tal ick cis eters: siete este sie 65:58 ee 
Mining 
Petroleum 


Other Light Manufacturing... 
Other Heavy Manufacturing... 


TABLE 25 - PLANT OUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND - 
PLANTS MORE THAN 1,000 kW MAX. DEMAND ($ per kWh) 


Industr: Reportin Mjnimum Median Maximum Avera 
indus try Reporting Mjnimum Median Maximum Average 
- 36 5.77 94 


14 2.13 .33 

Metal. ..c.cccenseccesceeeee ——— “ 255 — .55 —- — .55 

Mining - - - 
Petroleum . 24 2.43 
Pulp and Paper . .07 .07 

Rubber and Plastics........ —— : 3 — —131.33— —— .66 

i r . 24 .24 .24 

Other Light Manufacturing.. 7 54 1.20 65 


Other Heavy Manufacturing. . . .93 .93 .93 
2.50 5.77 2.69 


-07 07 07 
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TABLE 26 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND - 
PLANTS LESS THAN 1,000 kW MAX. DEMAND ($ per kW) 


Industry Reporting Minimum Median Maximum Average 
3.68 10.00 4.59 


Pulp and Paper........... wee 
Rubber and Plastics......... . 


Other Light Manufacturing. 
Other Heavy Manufacturing.. 


TABLE 27 - PLANT OUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND - 
PLANTS LESS THAN 1,000 kW MAX. DEMAND ($ per kWh) 


Reporting Minimum Median Maximum Average 
4.42 27.00 


Pulp and Paper. 
Rubber and Plastics........—— —§- —_ 


2.00 1.43 


Other Light Manufacturing. . 
27.00 17.00 


Other Heavy sonata ae x 
QUO iia cs occa sone secs A 


10 
0 
0 
0 
1 
0 
0 
0 
0 
0 
2 
7 
0 
0 
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TABLE 28 - PLANT RESTART TIME (After Service is Restored Following 
a Failure that has Caused Complete Plant Shutdown) 


Average 


(Hours) 


Petroleum 

Pulp and Paper 

Rubber & PlasticS.....cseeeee ee 
Textile 

Other Light Manufacturing.... 

Other Heavy Manufacturing.... 


—"K—~swwwwomwooe 


TABLE 29 ~ CRITICAL SERVICE LOSS DURATION (Maximum Length of Power 
Failure that Will Not Stop Plant Production} 


Average 
All Industry - USA & Canada.... 55 12.6 min. 10.0 sec. 
Auto.,..... ais -bfeld cise las Fave dais oes 0 - 
Cement... ccrcccccscaccevensecns 0 - - 
Chemical sc .vc.bsscdeddoeeeaaa 20 4.56 min. 3.25 sec. 
Metal iccce ccc cisieveiinse ie cenee — 2 —. —— 15.0 min. —. _— 15.0 min. 
MINING... sc ccccrsvccsccanacnene 0 - - 
Petroleum...... ccc cecenesees ] 1.0 sec. 1.0 sec. 
Pulp and Paper.........-.s00.-- J 10.0 cycles 10.0 cycles 
Rubber & PlasticS........250206 mee —3 — — W.0 sec. — — 20.0 sec. 
TORCH Oi 0aia)scecaicwcoaiiecs en tresses 3 3.34 min. 30.0 cycles 
Other Light Manufacturing...... 7 10.3 min. 10.0 sec. 
Other Heavy Manufacturing...... 10 47 min. 45 min. 
Other... ccseseaees Daraweseaic sere 8 1.9 min. 20.0 cycles 
FOPeign....scccsscscccevesceces 1 15.0 cycles 15.0 cycles 
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TABLE 30 - LOADS LOST VERSUS TIME OF POWER OUTAGE 
(Tabulation of the Percentage of Equipment Failures 
for Which the Designated Load was Lost and Average 
Plant Outage Duration Resulting from these Failures) 


For Equipment 
Failures 1 Cycle 
or less in 
Duration 


Computer 


Failures Between 


For Equipment For Equipment 
Failures 10 
Cycles or More 


in Duration 


1 and 10 Cycles 
in Duration 


96% 


[TET to eae [ee te ee | tes ae Ta | 
Load Yes No Known Yes No Known Yes No Known 
0% 0% 0% 4% 0% 9% 0% 


Motor 
Lighting 
Solenoid 
Other 


0% 
0% 
0% 
0% 


0% 
0% 
0% 
0% 


0% 
0% 
0% 
0% 


Average 
Plant 
Outage 
Duration 


0.0 Hours 


91% 
33% 
61% 
66% 
62% 


67% 
78% 
74% 
15% 


1.39 Hours 22.6 Hours 


Only non-zero data was used in computing the average plant outage duration 


5) Additional information on the cost of power outages in 
Sweden, Norway, and the United States is contained in [2]. 


Plant Restart Time (Table 28) 


The textile, petroleum, and chemical industries have a much 
ionger plant restart time than the other industries included in 
the survey. 


Critical Service Loss Duration (Table 29) 


1) There is a wide spread in critical service loss duration 
time for the 55 plants in the survey. 

2) It is suggested that the data from the 55 plants should be 
compiled to show several percentiles (10, 25, 75, and 90 per- 
cent) in addition to the median value already tabulated. 


Loads Lost Versus Time of Power Outage (Table 30) 


1) An outage between 1 to 10 cycles resulted in 33 percent 
of the plants losing motor loads and 22 percent losing a sole- 
noid and only 4 percent losing a computer load. An outage 
greater than 10 cycles resulted in 67 percent of the plants los- 
ing motor loads and 25 percent losing a solenoid and only 9 
percent losing a computer load; many plants must not have 
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had computer loads to give such a low value. In fact, many 
plants must not have had motor loads or solenoid loads either. 
The important parameter to look at is the change in these 
percentages from 0 to the maximum value as the length of 
power outage time is increased. 

2) It is suggested that loss of load data be compiled for the 
following additional categories of outage duration time: 


a} 10 to I5 cycles, 
b) 15+ to 30 cycles, 
c) 0.5 + to 2.03, 

d) 2.0+ to 4.0s, 

e) greater than 4.0s. 


The average plant outage duration should also be determined 
for these categories. 
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Report on Reliability Survey of Industrial 
Plants, Part II: Causes and Types of 
Failures of Electrical Equipment, the 
Methods of Repair, and the Urgency 

of Repair 


IEEE COMMITTEE REPORT 


Abstrect—An IEEE sponsored reliability survey of industrial plants 
was completed during 1972. This included the causes and types of 
failures of electrical equipment, the methods of repair, and the urgency 
of repair. The results are reported from the survey of 30 companies 
covering 68 plants in nine industries in the United Statea and Canada, 
This information is useful in the design of industrial power distribution 
systems, 


INTRODUCTION 


KNOWLEDGE of the causes and types of failures of 

electrical equipment is useful in the design of industrial 
power distribution systems. In addition it is also useful to 
know the failure repair method, whether or not the repair was 
urgent, and how Jong it had been since the previous mainte- 
nance had been performed. During 1972 the Reliability Sub- 
committee of the JEEE Industrial and Commercial Power 
Systems Committee completed a reliability survey of industrial 
plants. This is the third paper reporting results from the survey. 
Included in this paper are the results for 14 main classes of 
electrical equipment on 


1) failure repair method; 

2) failure repair urgency; 

3) failure, months since maintained; 
4) failure, damaged part; 

5) failure type; 

6) suspected failure responsibility ; 
7) failure initiating cause; 

8) failure contributing cause; 

9) failure characteristic. 


The failure repair method includes either the repair of the 
failed component or the replacement of the failed component 
with a spare. This can have a significant effect on the average 


downtime per failure, and thus is an important factor in re- 


liability and availability calculations. 


Paper TOD-73-158, approved by the Industrial and Commercial 
Power Systems Committee of the IEEE Industry Applications Society 
for presentation at the 1973 Industrial and Commercial Power Systems 
Technical Conference, Atlanta, Ga., May 13-16. Manuscript released 
for publication November 5, 1973. 

Members of the Reliability Subcommittee of the IEEE Industrial and 
Commercial Power Systems Committee are W. H. Dickinson, Chair- 
man, P.E. Gannon, M. D. Harris, C. R. Heising, D. W. McWilliams, R. W. 
Parisian, A. D. Patton, and W. J. Pearce. 
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The failure repair urgency also has a significant effect on the 
average downtime per failure and thus is an important factor in 
reliability and availability calculations. 

A preventive maintenance program can have an effect on the 
failure rate of electrical equipment. Thus a knowledge of 
whether or not maintenance has been performed recently prior 
to the failure is a significant factor in helping to determine 
whether or not the maintenance program is adequate. 

The damaged part from a failure is of interest. In addition, a 
knowledge is also desirable of the type of failure, initiating 
cause, contributing cause, and suspected responsibility. This 
information is useful for correcting deficiencies in electrical 
equipment and electrical systems. 

The failure characteristic can be defined as the effect that 
the failure has on the electrical system. Thus this information 
is very important. 


SURVEY Form 


The survey form used is shown in Appendix A of Part } 
[1}. All of the information reported on in this paper came 
from card type 3, columns 30-46. The definitions of failure 
and repair time are given in Part 1 {1]. 


RESPONSE TO SURVEY 


A total of 30 companies responded to the survey question- 
naire, reporting data on 68 plants from nine industries in the 
United States and Canada. Every failure report on card type 3 
did not have filled in all the information called for in columns 
30-46. Tables 31 and 32 give the data for each main equip- 
ment class on how many failures had the information called for 
in columns 30-46, Each main equipment class contains 18 or 
more failures; this is believed to be an adequate statistical 
sample size. 


STATISTICAL ANALYSIS 


The results were compiled for 14 main equipment classes. 
The number of failures were tabulated for each category of 
each column (30-46, card type 3). This was then divided by 
the total failures in each column so as to give the percentage 
for each category for each column (for each main equipment 
class). 
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SuRVEY RESULTS 


The results are tabulated for the 14 main equipment classes 
in Tables 33-41. Each table represents one column (of 30-46, 
card type 3). 


SUMMARY OF CONCLUSIONS 
Transformers 


In the cases reported, there were approximately an equal 
number of incidences of repairing the failed transformer and 
replacing it with a spare. The repair urgency slightly favored a 
round-the-clock repair over the regular work-day schedule. 
Inadequate preventive maintenance did not seem to have much 
influence on the reported failures since no preventive mainte- 
nance was reported on only $ percent of the failures; 11 percent 
of the failures were blamed -on inadequate maintenance. 
Damaged insulation both in the windings and bushings ac- 
counted for the majority of the transformer damage, with the 
majority of failures being flashovers involving ground. 24 
percent of the reported cases considered normal deterioration 
from age as the contributing cause of the failure, yet 39 per- 
cent reported that they felt the manufacturer was primarily re- 
sponsible. Transient overvoltages, from lightning or switching 
surges, and other insulation breakdown account for 41 percent 
of the reported failures. In 90 percent of the reported cases 
the transformers were removed from the system by automatic 
protective devices; only 7 percent had manual removal. 


Circuit Breakers 


About the same number of circuit breakers were repaired in 
place as were replaced by spares. The relative importance of 
circuit breakers was indicated by 73 percent of the survey re- 
spondents making repairs on a round-the-clock basis. The buik 
of the reported failures involved flashovers to ground with 
damage primarily to the protective device components and the 
device insulation. Transient overvoltages, insulation break- 
downs, and protective device malfunctions were considered a 
major initiating cause with normal deterioration from age and 
misoperation or testing errors considered as contributing causes. 
However, 33 percent of the respondents could not classify the 
initiating cause into any of the survey classes, and 55 percent 
could not classify the contributing cause into any of the survey 
classes. In addition, 36 percent of the suspected causes of 
failure were blamed on “other.” 42 percent of the reported 
failures involved circuit breakers opening when they should not; 
it is possible that several of these failures were external to the 
circuit breaker and of unknown cause and were blamed on the 
circuit breaker. 32 percent of the reported failures involved 
circuit breakers that failed during a load-carrying condition. 

23 percent of the failures were blamed on the manufacturer 
and another 23 percent on inadequate maintenance, but 36 
percent were blamed on “other.” Inadequate preventive 
maintenance (PM) could be a factor of some significance since 
no PM was reported on 16 percent of the failures, 


Motor Starters 

Of the reported motor starter failures, about two thirds were 
fepaired by replacing the starter with a spare and two thirds 
were repaired on a round-the-clock basis. About half of the 
cases reported indicate that the damage was other than the 
classes listed in the survey, primarily resulting from flashovers 
or electrical defects. 64 percent felt that a malfunction of a 
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protective relay control device initiated the failure with 40 
percent of the respondents reporting that normal deterioration 
from age was a contributing cause. Over half of the respondents 
felt that improper application was primarily responsible for the 
failure. In the cases reported 36 percent had been discovered 
during testing or maintenance, and 20 percent were only partial 
failures. Lack of preventive maintenance was not a big problem. 
Those starters that had been maintained less than 12 months 
prior to the failure accounted for 67 percent of the cases 
reported. 


Motors 


Of the reported motor failures, about three quarters were re- 
paired versus about one fourth being replaced by a spare. 
About three quarters were repaired on a regular work-day 
basis. The types of failures varied from flashovers to electrical 
defects, to mechanical defects, with winding insulation and 
bearings sustaining the majority of the damage. Insulation 
breakdown, overheating, and mechanical seizing were blamed 
as the primary initiating causes with normal deterioration from 
age, loss or deficiency of lubricant, exposure to abnormal 
moisture, and exposure to aggressive chemicals ranking high on 
the list of contributing causes. 30 percent of the failures were 
discovered during testing or maintenance, which probably 
resulted in less actual damage in those cases. Inadequate 
maintenance, improper application, and defective equipment 
were listed as having primary responsibility. However, over 
half of the respondents could not assign responsibility into one 
of the survey classes. The motors that had been maintained be- 
tween 12 and 24 months prior to the failure accounted for 
57 percent of the reported cases with less than 12 months and 
more than 24 months accounting for 22 percent and 19 per- 
cent, respectively. No preventive maintenance accounted for 
only 2 percent, yet this does not correlate well with inadequate 
maintenance being listed as having primary responsibility in 
17 percent of the reported cases. 


Generators 


Of the reported generator failures 84 percent were repaired 
in place. About the same number were repaired on a round- 
the-clock basis as were repaired on a regular work-day basis. 
69 percent of the respondents reported damage other than the 
survey classes with electrical auxiliaries, winding insulation, and 
moving parts sustaining some damage. Mechanical breaking, 
transient overvoltages; and about half unclassified items were 
considered the primary initiating causes with normal deteriora- 
tion from age and persistent overloading considered contribut- 
ing causes. Responsibility was spread between inadequate 
maintenance and defective components with about half of the 
respondents unable to place primary responsibility into any of 
the survey classes. Infrequent or no preventive maintenance 
were not involved in any of the reported cases, a point that 
does not correlate with the fact that some of the respondents 
felt inadequate maintenance was the primary responsibility. 


Disconnect Switches 


Of the reported disconnect switch failures, 70 percent were 
repaired by replacement with a spare, with work in 80 percent 
of the cases being performed on a regular work-day schedule. 
Electrical defects, mechanical defects, and flashovers to ground 
resulted in damage to mechanical components and insulation. 
Some form of mechanical breaking or contact from foreign 
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TABLE 31 - NUMBER OF FAILURES FOR Spgs UTILITY 
POWER SUPPLIES THAT CONTAINED THE 
INFORMATION CALLED FOR IN COLUMNS 30-46, 
CARD - TYPE 3 


Failure Repair Method....... 
Failure Repair Urgency..........:. 


Fatlure, Months Since Maintained. . 
Failure, Damaged Part.......... F 
Failure Type 

Suspected Failure Responsibi ] i ty.. 
Failure et CAUSE. ..ceerees 
Faiture Contributing Cause........ 
Failure Characteristic.......eseee 


TABLE 32 - NUMBER OF FAILURES. FOR EACH MAIN EQUIPMENT 
CLASS THAT CONTAINED THE INFORMATION CALLED 
FOR IN COLUMNS 30-46, CARD-TYPE 3 


Trans formers 101 97 
Circuit Breakers 176 161 


88 88 
pele 493(col. 40) 


3(co1.36)  31(al] other) 
100 1 


Disconnect Switches 
Swgr. Bus-Insulated 
Swgr. Bus-B8are 


Cable Terminations 
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sources accounted for about half of the initiating causes, with 
exposure to dust and contaminants and a large number of un- 
classified items considered contributing causes. Inadequate 
operating procedures, inadequate maintenance, and defective 
components were considered primarily responsible, which 
seems to correlate with over 66 percent of the reported cases 
not having any preventive maintenance and 21 percent not 
having any preventive maintenance 24 months prior to the 
failure. 


Switchgear Bus, Bare 


Of the reported uninsulated switchgear bus failures, about 
two thirds were repaired in place, with a little more than half 
of them being repaired on a round-the-clock basis. 79 percent 
of the respondents report some form of insulation damage all 
resulting from flashovers either to ground (79 percent) or be- 
tween phases (21 percent). Mechanical failure, shorting by 
metal objects, and insulation breakdown were the predominant 
initiating causes with exposure to abnormal moisture, exposure 
to dust, exposure to aggressive chemicals, and normal deteriora- 
tion due to age listed as contributing causes. Interestingly, 
15 percent of the respondents listed misoperation or testing er- 
rors as a contributing cause. 39 percent felt that an outside 
agency was responsible for the failure, while 22 percent blamed 
inadequate maintenance. 


Switchgear Bus, Insulated 


Of the reported insulated switchgear bus failures, essentially 
all were repaired in place with over two thirds of the repairs 
being completed on a round-the-clock basis. 90 percent of the 
respondents reported insulation damage resulting primarily 
from flashovers to ground and between phases. Insulation 
breakdown was considered to have initiated the failure in about 
half of the cases, with exposure to contaminants, moisture, 
severe weather, and normal deterioration from age being con- 
sidered as contributing factors. Improper application (45 
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percent) and inadequate maintenance (35 percent) were held re- 
sponsible for the failures. 


Bus Duct 


Of the reported bus duct failures, 65 percent were repaired in 
place with the majority of them being repaired on a round-the- 
clock basis. 90 percent of the respondents reported some form 
of damaged insulation resulting from a flashover to ground. 
Mechanical failure, insulation breakdown, and overheating were 
blamed as initiating factors, with normal deterioration due to 
age being listed as a contributing factor in half of the cases. 
Responsibility for the reported failures varied from defective 
components (26 percent), improper application (16 percent), 
to inadequate maintenance (16 percent). 


Open Wire 

Of the reported open-wire failures, 70 percent were repaired 
in place with a little over half involving a round the clock ef- 
fort, About half of the failures involved flashovers either to 
ground or between phases and about 25 percent involved other 
electrical defects. In the reported failures, transient overvolt- 
ages, overheating, or shorting by metal objects were con- 
sidered the most significant initiating causes, with severe 
weather and exposure to aggressive chemicals being the pre- 
dominant contributing causes. 81 percent of the respondents 
indicated that no preventive maintenance had been performed 
in over two years, which supports the fact that over a third of 
them blamed inadequate maintenance as being responsible. 


Cables 


The relative importance of primary cable was again indicated 
by about two thirds of the reported cases making repairs on a 
round-the-clock basis. There were a few more reported cases 
where repairs to cables were made by complete replacement 
rather than by in-place repairs. About three quarters of the 
failures involved flashovers to ground, resulting in insulation 
damage. 
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TABLE 33 - FAILURE REPAIR METHOD 
TABLE 34 - FAILURE REPAIR URGENCY 


WITCHGEAR BUS-_ 


ELECTRIC UTILITY 
POWER SUPPLIES 
TRANSFORMERS 
CIRCUIT 
BREAKERS 
MOTOR 
STARTERS 
GENERATORS 
DISCONNECT 
SWITCHGEAR BUS <- 
INSULATED 

ARE 

CABLE 
TERMINATIONS 


73 | 66 | 23] 48) 20; 70 | 58 66 
22 | 34174) 52] 80; 25 | 33 5 28 


Table, Title, Category 


AFARARFARRPAA TABLE 33 = FAILURE REPAIR METHOD (Co 


Repair of failed component in place or 
sent out for repair 

Repair by replacement of failed component 
with spare 

Other 


TABLE 34 - FAILURE REPAIR URGENCY (Col. 32 


Requiring round-the-clock al] out efforts 
Requiring repair work only during 
regular workday, perhaps with some 
overtime 

Requiring repair work on a non-priority 
basis 

Other 
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TABLE 35 - FAILURE, MONTHS SINCE MAINTAINED 
TABLE 36 - FAILURE, DAMAGED PART 


SWITCHGEAR BUS- 
SWITCHGEAR BUS~ 
BARE 


ELECTRIC UTILITY 
INSULATED 


POWER SUPPLIES 
1 TRANSFORMERS 
CIRCUIT 
| BREAKERS 


| MOTOR 
TERMINATIONS 


STARTERS 
GENERATORS 
DISCONNECT 
CABLE 


Table, Title, Category 


j 
| | | { (Col. 34) 

67 | 22] 58 . Less than 12 months ago 

17 | 57} 42 . 12-24 months ago 

1419) _ 0) 234 55 Qver 24 months ago 

’ 0} 2) Of 66 2 . No preventive maintenance 
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Mechanical - other 
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. Other electrical - protective device 
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ELECTRIC UTILITY 
POWER SUPPLIES 
SWITCHGEAR BUS-— 
INSULATED 
SWITCHGEAR BUS - 


TRANSFORMERS 
GENERATORS 


TABLE 39 - FAILURE INITIATING CAUSE 


Transient overvoltage disturbance (lightning 
switching surges, arcing ground fault in 
ungrounded system) 


Overvol tage 

Overheating 

Other insulation breakdown 

Mechanical breaking, cracking, loosening, 
abrading or deforming of static or 
structural parts 

Mechanical burnout, friction, or seizing 
of moving parts. 

Mechanically caused damage from foreign 
source (digging, vehicular, accident,etc. } 

Shorting by tools or metal objects 

Shorting by birds, snakes, rodents, etc. 

Loss of control power 

Malfunction of protective relay contro] 
device, or auxiliary device. 

Low voltage 

Low frequency 

Other 
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TABLE 40 - FAILURE CONTRIBUTING CAUSE 


SWITCHGEAR BUS~- 


SWITCHGEAR BUS ~ 
BARE 


JELECTRIC UTILITY 
INSULATED 


POWER SUPPLIES 
TRANSFORMERS 
GENERATORS 
TERMINATIONS 


CABLE 


Table, Title, Catego 
TABLE 40 - FAILURE CONTRIBUTING CAUSE (Col. 44) 


Persistent overloading 
Above-normal temperatures 
. _Below-normal temperature o 

Exposure to aggressive chemicals or solvents 

Exposure to abnormal moisture or water 

Exposure to non-electrical fire or burning 

Obstruction of ventilation by foreign 
objects or material 

Normal deterioration from age 

Severe wind, rain, snow, sleet, or other 
weather conditions 

Protective relay improperly set 

Loss or deficiency of lubricant 

Loss or deficiency of oi] or cooling medium 

Misoperation or testing error 

Exposure to dust or other contaminants 
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TABLE 41 - FAILURE CHARACTERISTIC 
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TABLE 41 - FAILURE CHARACTERISTIC (Col. 46 


Utility Power Supplies (Select code) 

|. Failure of Otnole circuit (no redundant 
supply) 

2. Failure of one circuit of a double-circuit 
redundant supply 

3. Faiture of both circuits of a double- 
circuit redundant supply 

4. Failure of all circuits of a three or more 
circuit redundant supply 

5. Partial failure of a three or more circuit 
redundant supply 


Transformers (Select Code) 

. tomatic removal by protective equipment 
7. Partial failure reducing capacity 

8. Manual removal] 
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An interesting point is that in over two thirds of the failures 
there had been no preventive maintenance, yet inadequate 
maintenance was only listed in 10 percent of the cases as being 
responsible for the failure. 16 percent placed the responsibility 
with the manufacturer, 14 percent with inadequate installation 
and testing prior to start-up, with 38 percent of the cases re- 
porting reasons for the failure in classes other than those listed 
in the survey. 

The initiating causes varied from transient overvoltage 
disturbances to insulation breakdown, to mechanical failures, 
with 30 percent reporting normal deterioration from age as a 
contributing cause. 


Cable Joints 


Of the failures reported, 87 percent were repaired in place, 
with just over half being repaired on a round-the-clock basis. 
Almost all of the failures resulted in damaged insulation, pri- 
marily from flashovers to ground, which were initiated by in- 
sulation breakdowns, transient overvoltages, or mechanical 
failure. 

29 percent of the respondents felt that norma! deterioration 
from old age contributed to the failure, while 35 percent 
blamed abnormal moisture or exposure to aggressive chemicals. 
Inadequate installation and testing were considered responsible 
for 50 percent of the failures. 60 percent of the respondents 
reported that no preventive maintenance had been performed, 
but only 18 percent blamed the failure on inadequate 
maintenance. 


Cable Terminations 


Of the reported cable termination failures, 60 percent were 
repaired in place with just over half of the repairs being made 
on a round-the-clock basis. The primary damage was insulation 
involving either a flashover to ground or other electrical de- 
fect. About half of the respondents felt that the failure was 
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initiated by an insulation breakdown, with normal deterioration 
due to age, severe weather, and exposure to abnormal moisture 
or aggressive chemicals contributing significantly to the prob- 
lem. 39 percent felt that inadequate installation and testing 
prior to start-up was primarily responsible, while 22 percent 
felt that inadequate maintenance should be blamed. This also 
seems to correspond to the reporting that in 40 percent of the 
cases no preventive maintenance had been performed in over 
two years. 


GENERAL CONCLUSIONS 
Electrical Equipment 


The general picture from Tables 38 and 35 spotlights in- 
adequate maintenance as a significant factor in the suspected 
responsibility for failures. Yet the owner appears willing to 
work round the clock to fix failures after they have occurred. 
Lack of cleaning and lubrication is apparent on disconnect 
switches, buses, open wire, cable, cable joints, cable termina- 
tions, and motors. 


Electric Utility Power Supplies 


Many of the results shown in Tables 33-38 are not really 
applicable for electric utility power supplies because the 
questions asked are not weil suited. The importance of the 
utility supply was indicated by 91 percent of respondents 
making repairs on a round-the-clock basis. The failures were 
predominantly flashovers involving ground, caused by lightning 
during severe weather or by dig-ins or vehicular accident. Out- 
side agencies, probably the local utility, were predominantly 
responsible for the failure with preventive maintenance having 
no apparent effect on the cases reported. 

The data reported under “failure characteristic” in Table 41 
are of special significance in the case of double- or triple-circuit 
electric utility power supplies. In particular, the failure rate can 


TABLE 42 - SIMULTANEOUS FAILURE OF ALL CIRCUITS 
IN ELECTRIC UTILITY POWER SUPPLIES 


Utility Power Supplies - 
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Failure ceacecuentze c 


from Table 


Fatture of both circuits 
of a double-circuit 
redundant supply 


Failure of all circuits of 
a three or more circuit 
redundant supp] 


Total number of simul- 
taneous failures of all 
circuits in a double or 
eet redundant 
Supp 
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be calculated for the simultaneous failure of all circuits in 4 
double- or triple-circuit electric utility power supply. 

From Table 3 of Part 1 [1] the sample size is 210.7 unit- 
years for a double- or triple-circuit electric utility power supply. 
A double- or triple-circuit supply operating for one year is 
counted as one unit-year. It is possible to calculate a failure 
tate from these data as follows: 


25 


2107" 0.119 failures per year for simultaneous failure 


of all circuits in a double- or triple-circuit 
electric utility power supply. 


Some discrepancies were found in the data on the number of 
installed units for double- and triple-circuit electric utility 
power supplies. See the discussion in Part 1 [1] on this point. 


Discrepancies 

A survey such as this one often obtains some data that ap- 
pear to contain errors. Sometimes the results look ridiculous. 
However, some of the ridiculous looking results may actually 
be correct. Some of the errors are believed due to a mis- 
interpretation of the question by the respondent. 

The data in Tables 31-41 have been published without at- 
tempting to correct discrepancies or errors. A brief list of 
some possible discrepancies is given. 
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Table 36: The damaged part of one percent of failed circuit 
breakers is a tap changer. The damaged part of three percent 
of failed cables is a bearing. Winding insulation is shown as the 
damaged part in failures of cables, bus ducts, and motor 
starters. 

Table 39: Three percent of the failures in disconnect 
switches were initiated by low voltage. 
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Discussion 

J. Krasnodebski, N. M. Thompson, D. H. Cooke, A. W. W. Cameron, 
S. Basu, and T, J. Ravishanker (Ontario Hydro, Toronto, Ont., Canada): 

1} Quality of input Data: The confidence level of data in a survey 
of this kind cannot be assessed by mathematics only. One key prob- 
lem is the adequacy of records and completeness of data. Some of the 
apparent discrepancies noted in the paper seem to indicate quite sub- 
stantial omissions in records. Unless the industries involved keep much 
better failure records than we have done to date, this is not surprising. 
The first requirement of a useful reliability program is an adequately 
complete and accurate system for recording failures and consequences 
{in outage terms), 


TABLE A 
GENERATORS 


a 


Forced Outages 


EEI Report 


Number of 
Occurrences Outage Hours 
per Unit-Year per Occurrence 


Sample Size 
(unit-years) 


204 0.142 91.8 
404 0.839 126.5 
705 0.521 54.4 
483 0.393 125.6 


IEEE Reliability Survey 


Number of 
Sample Size Occurrences Outage Hours 
Type of Drive (unit-years) per Unit-Year per Occurrence 
Steam turbines* 761.8 0.032 165.0 
Jet engines 
Gas turbines 89.4 0.638 23.1 
Diesel engines 59.4 0.067 127.0 


*EEI results are for generators 60-89 MW. 
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The requirements for better records, along with the detail involved in 
the report forms, indicate that acquiring useful data of this kind is time 
congiming. 

It is suggested that, if a choice is necessary, it might be preferable to 
have 2 limited (but statistically adequate) number of plants establish a 
teliably complete recording and reporting system rather than increase 
the size of the sample under current record systems. 

2) Survey Resuits on Equipment Failures: The failure rate is given in 
failures per unit-year. Is year in this context a calendar year or 8760 
hours of plant or equipment operating time? If the failure rate is given 
per calendar year, were adjustments made for plants operating for 40 
hours per week against those operating for up to 168 hours per week? 

3) Discussion of Equipment: 

Motors: It is suspected that the discrepancy in failure rates results 
from the different application of the two types of motors. Synchronous 
motors are usually applied only in engineered situations and are care- 
fully designed for the application. Large synchronous motors are 
usually slow speed. Induction motors are mass produced, purchased off 
the shelf at the lowest cost, and usually operated to take advantage of 
any service factor. The survey figures are probably correct but cannot 
be used for comparison of reliability, leading to a conclusion that 
synchronous motors are more reliable. 1t is a comparison of apples and 
oranges. 

Switchgear Bus: The paper states that the reported data are the 
opposite to what they should be. The reported figures may be correct. 
Manufacturers regularly reduce the spacing between buses and the 
spaces between phases and ground when they use insulated bus. As the 
conductor insulation is usuaily also reduced by design and occasionally 
by inferior material standards compared to that on insulated cables. and 
workmanship is frequently less than perfect, failures on this type of 
gear are probably at least as common as those on air-insulated 
equipment. 

Circuit Breakers: The failure rate for circuit breakers appears much 
too low. It must of course be a function of the frequency of opera- 
tion as well as lapsed time. We did not find a definition of circuit 
breaker failure, which we believe should differ from cable, transformer, 
or other static device failures. Circuit breaker failures should be based 
on failure to operate satisfactorily either to remain closed or to open 
or to close when called upon. It should be clear whether these figures 
include failures caused by auxiliaries such as instrument transformers, 
telays, and control switches. Since any calculation of the reliability 
of 4 power system would be made unreasonably complex by attempts 
to treat all these devices individually, a figure for circuit breaker failures 
which includes them is usually required by the designer. 

Generators: For the generators in the electrical power industry a 
good source of data exists in the EE] “Report on Equipment Avail- 
ability for Twelve-Year Period 1960-1971." The comparison between 
the failure rates and average repair time contained in that report and 
the survey discussed are shown in Table 43. EE] data quoted for 
steam turbine driven generators are for the size class 60-89 MW, which 
is probably larger than the average size of a corresponding generator in- 
cluded in the industrial survey. 

It can be seen that the EE] failure rate for steam turbine driven gen- 
erators based on forced outages is higher by a factor of 5 than in the 
industrial survey. For gas turbines, failure rates contained in both 
reports are of the same order, while the outage duration quoted in the 
EE] report is higher. 54 failures in 5.5 unit years in the petroleum in- 
dustry can probably be explained by the start-up troubles. 

In summary, experience in the utility industry seems to explain 
results obtained in the industrial survey to a large degree. 

4) Causes of Failure: 

a) How important is the age of equipment? [t is mentioned only 
as a “contributing cause,” second in frequency only to “other.” 
Are there economic replacement times, or does obsolescence usually 
come first? , 

b) Should the inference be drawn that reliability of industrial 
equipment, which is reasonably well suited to its job, depends mainly 
on 1) stringent acceptance testing, especially overvoltage testing, 
2) adequate cleaning, and 3) proper lubrication of bearings? 

5) Additional Suggestions for Analysis: Consideration should be 
given to add the manufacturer of the main class of equipment to pro- 
vide information on reliability of different manufacturers. 


Cari Becker (Cleveland Electric Iluminating Company, Cleveland, Ohio 
44101): The Reliability Subcommittee did an outstanding job in as- 
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sembling and correlating the mountainous volume of data in a simple, 
easy to understand tabulation. 1 would like to add some discussion 
that i feel would help the value of these tables and add to the accuracy 
of future studies. My two main points are 1) the downtime per failure 
on a single-circuit utility supply is extremely high (possibly by a factor 
of five), and 2) the equation for the dollars lost per interruption may 
be improved by using other than the kilowatt demand and kilowatt- 
hour usage as bases. 

My company gathers, codes, and analyzes by computer all inter- 
ruptions to our three quarter million customers. The average down- 
time per customer on our distribution system (which is a single-circuit 
radial supply) has been between 51 and 61 min for five of the past 
six years. Our service area experienced a catastrophic storm during 
1969 which caused the average downtime per customer to jump to 124 
min. In addition, my company is of the opinion that no pliant 
thould be down for more than 4h (barring major catastrophies). A 
report is therefore written for cach interruption exceeding 4h in dura- 
tion, and these reports are extremely few in number. Furthermore, 13 
utilities have polled their reliability statistics for customers fed from the 
distribution system and found the average downtime per interruption 
for 1971 to be approximately 144 h long. The average downtimes 
ranged from 0.75 to 3.2 h, 

This information shows that the downtime per failure for industrial 
plants is probably outside the predicted tolerance on the IEEE data. 
This variance may be due to either a major iong disturbance affecting 
a majority of those industrial plants participating or to misinterpreta- 
tion of the information required. 

For over five years | have worked with our customers in regard to 
reliability problems. My experience has shown that the plant invest- 
ment, labor cost, and value of product is a better gauge of the cost per 
minute down than would be either maximum kilowatthour demand or 
usage. For example, 1 worked with a manufacturer of magnesium parts 
for military aircraft (1 will cail this plant A) and another manufacturer 
of parts for conveyor systems (plant 8). The dollar loss for A per 
minute down was 100 times greater than that for 8. However, plant 
B's demand is 2500 kW and A's demand is 500 kW, which is an in- 
dication that the kilowatthour consumptions in these particular cases 
are not related at all to the economical loss due to a power interruption. 
in general ! find that the cost of downtime is tied heavily to one of the 
following: 1) the number of employees, 2} the cost of the product in 
production (piecework), or 3) the dollar output per hour (high produc- 
tion}. A combination of these three items would indicate that loss is 
tied to the dollars out of the plant per unit of time. Therefore | feel 
that future studies should relate downtime to dollars per minute of 
plant production, gross plant, etc. 


3. W. Beard (Union Carbide Corporation, South Charleston, W. Va. 
25303): The report format and the manner in which the information 
is presented is generally quite adequate. Appendix A (Part ]) is some- 
what difficult to read because of the reduced print, but I am not sug- 
gesting it be upgraded for this report. Because of the many and various 
Pieces of data used for the report, it is understandable that the reader 
must spend a great deal of time in studying and analyzing the informa- 
tion in order to properly apply it. The “readily” understandable factor 
should perhaps be given more consideration in defining the criteria for 
future surveys. 


It is my opinion that the most useful types of information presented 
are: 


1) failure rate and failure rate confidence limits; 
2) failure, damaged part; 

3) failure type; 

4) failure initiating cause; 

5) failure contributing cause; 

6) failure characteristics, 


I believe it is a good assumption that the raw data submitted for 
many of the other types of information represented were of much lesser 
accuracy than for these. For exampie, most plants reporting data 
for information types such as plant outage cost, critical service loss 
duration, and loads lost versus time of power outage probably had to 
draw on someone’s memory of each failure and then apply the “best 
estimate” principle. This factor alone raises the question as to whether 
these types of information can ever be constructed to have useful 
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meaning. Except for near catastrophic failures, which result in heavy 
financial losses, it is doubtful that most plants will spend the money 
to document this type of data. Furthermore, in a practical sense, when 
configuring systems and applying electrical equipment, the reliability 
requirement must be carefully considered for each producing unit 
served inesmuch as there are many variables that enter into the cal- 
culation of downtime losses. 

The following suggestions are offered for consideration in any future 
surveys. 

1) Basically concentrate on failure rates and failure causes. 

2) Simplify and reduce scope of the survey questionnaire forms 
(present forms tend to scare users from contributing). 

3) Omit asking for types of information such as cost of outage, repair 
time, plant start-up time, etc. 

4) Instruct users tof fo report failures of equipment where reasonable 
preventative maintenance is not performed. 

5) Instruct users nor to report failures of misapplied equipment. 

6) Instruct users nor ro include equipment installed prior to Jan- 
uary 1, 1968, 

+) Instroct users to give “in-service” date (energized) of all equip- 
ment units, not just on the reported failures. 

8) Define “failure” as “damage to equipment sufficiently severe to 
force an outage by either manual or automatic removal of voltage.” 
{Keep in mind that failures caused by the conditions in 4) and 5) are 
not to be reported.) 

Part I: There seemed to be a great deal of confusion by the respon- 
dents on the information desired for electric power supplies. Thus the 
published failure rates may be questionable. It is my opinion that the 
questionnaire form for this was too nondescript. Perhaps one way to 
clearly describe the power supplies on which information is desired 
would be to include on the form simple single-line diagrams of the more 
common types of utility services. 

It is my opinion that the lack of response by many companies was 
due primarily to poor and/or nonexistent records. A major contribut- 
ing cause may have been the massive amount of information asked for. 

The Reliability Subcommittee’s judgement that a minimum of 8 to 10 
observed failures was required for “good” accuracy when estimating 
equipment failure rates seems reasonable. 

The value chosen for the confidence interval (0.90) was a good 
choice. The inclusion of confidence limits curves (Fig. 1) adds mea- 
surably to the report. 

[ generally concur with the Subcommittee’s discussion comments. 
Their discussion of some of the results presented in the tables rein- 
forces my feeling that the survey was too broad in scope, and the in- 
formation submitted by the plants too ambiguous for meaningful 
interpretation. 

While the sample sizes would be made smaller, as a general rule | feel 
that equipment should be grouped by voltage class. For example, in 
Table 2 one grouping of cable terminations is for 601-15 000 V. In 
this instance it would be especially helpful to know the failure rate on 
15-kV cable terminations alone. 

Part I: As stated in my general comments, 1 feel that it is not prac- 
tical to generate reasonably accurate information of these types. 

The bases for the units used in cost calculations, dollars per kilowatt 
plus dollars per killowatthour, are somewhat confusing. Clarification 
of this would be helpful. 

In the Subcommittee’s discussion of the cost of power outages, 
item 2), I must disagree with their thought that electrochemical of 
heating processes tend to have low outage costs because heat not sup- 
plied now can be supplied later. 

In the discussion of loads lost versus time of power outage the “time” 
factor is questionable. Most plants are not equipped to measure short- 
duration power outages (cycles or even seconds). 

Part [if Many of the information types in this part are very impor- 
tant. Some, I feel, are not. I suggest that the questions on failure 
repair method; failure repair urgency; failure, months since mainte- 
nance; and suspected failure responsibility be omitted from future 
surveys. The remaining types of information may be refined using 
knowledge gained from this survey. 

In the Subcommittee’s Summary of Conclusions they report that 
transient overvoltages were a major cause of failure in equipment such 
as, for example, transformers and circuit breakers; but [ got the im- 
pression that much of this was speculation on the part of those re- 
sponding. The possibility of transient overvoltage should be considered 
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in the investigation of most equipment failures, and IEEE could per- 
form an important service to industry by developing a socalled “evalua- 
tion of possibility of transient overvoltage contribution to equipment 
failures” guide. 


Stanley Wells (Union Carbide Corporation, Port Lavaca, Tex. 77979): 
The Reliability Subcommittee should be congratulated for performing 
such a comprehensive reliability survey of industrial plants and for pro- 
viding a very thorough report. 

I would like to limit my discussion to Part 3 and, in particular, the 
preventive maintenance effect on the failure rate. A preventive main- 
tenance program can very definitely have a direct effect on the failure 
rate of electrical equipment. In the modern automated plant of today, 
production demands and losses associated with downtime influence 
maintenance schedules. Equipment is often allowed to remain in op- 
eration for periods that exceed desired preventive maintenance time 
schedules, It is interesting to note that the survey indicates that pre- 
ventive maintenance can be performed, yet equipment failures occur 
within a time period which is less than 12 months since preventive 
maintenance was performed. Our first attempt at a preventive main- 
tenance program met with the same results. The program was reviewed 
in depth and it was found that it was inadequate and that the preventive 
maintenance procedures and time schedules should be reviewed and 
correlated with our failure experience. As experience was gained, the 
equipment preventive maintenance program developed into a very 
useful tool to practically eliminate electrical equipment failure. We 
soon recognized that where preventive maintenance periods were over 
24 months or where no preventive maintenance at all was performed, 
chances of failure were extremely high, This fact is born out in the 
results of this survey. Table 35, “Failure—Months Since Maintained,” 
has been rearranged to show that a large reduction in failures may be 
possible if preventive maintenance periods are on a 12- to 18-month 
basis (Table B). 

Let's define preventive maintenance. Preventive maintenance is a 
system of routine inspections designed to minimize or forestall future 
equipment operating problems or failures, and which may, depending 
upon equipment type, require equipment exercising o: proof testing. 
From this definition, the four following items listed under Table 38, 
“Suspected Failuse Responsibility,” can be considered a definite part 
of @ maintenance program: 


1) manufacture, defective components (locate by inspection or test); 
2) application engineering, impropet application; 

3) inadequate installation and testing prior to start-up (proof test); 
4) inadequate maintenance. 


It is interesting to note that the survey indicates that these four items 
are responsible for a very large percentage of failures. The total for 
each category is listed below. 


Percent: 
Transformers 55 
Circuit breakers $3 
Motor starters 7 
Motors 42 
Generators 41 
Disconnect switches 52 
Switchgear bus insulated 95 
Switchgear bus uninsulated 52 
Bus duct 63 
Open wire 41 
Cable 48 
Cable joints 68 
Cable terminations 79 


To increase the electrical system reliability, each faiture should be 
very carefully analyzed to determine the failure cause, and corrective 
action to prevent additional failures should be applied to all applicable 
equipment. 
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TABLE B 
FAILURES 
EIU II _ LL — —————_— Sees 
Less than 12 Months or More 
12 Months Ago or No 
Preventive Preventive 
Maintenance Maintenance 
Transformers 34 65 
Circuit breakers 18 81 
Motor starters 67 33 
Motors 22 78 
Generators 58 42 
Disconnect switch 8 92 
Switchgear bus insulated 10 90 
Switchgear bus uninsulated 35 65 
Bus duct 25 75 
Open wire 1 98 
Cable 11 89 
Cable joint 18 82 
Cable terminations 12 88 


R. E. Koehn (IEEE Reliability Group): The reliability, maintainability, 
and downtime logistics in the power area is very important and should 
lend itself to cost analysis, which is the ultimate judge of the value of 
reliability and maintainability programs. A great deal of data have been 
analyzed with all the obvious advantages and disadvantages that are 
entailed in such a data base. Parts | and 2 present me with a severe 
problem as a reliability professional and manager. In both papers a 
large effort was spent indicating that the survey results do not agree 
with what the engineering judgment says the results should be; for 
example, the discussion of Part 1 on motors, generators, cable, and 


switchgear bus. My quandary is that if I accept your judgment in all 
logic, I must question the validity of all the data collected, not just for 
motors, generators, sable, and switchgear bus. A possible procedure 
would have been to test the hypothesis that a part of the data was 
significantly different enough from the total grouped data to justify its 
tejection as part of the group data. 

1 would like to recommend analysis of variance or multiple regression 
in analyzing the data. It would appear that a number of possible 
variables exist and their effects are suitable for quantization. These 
procedures are covered in (1]-(4]. 
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Tai C. Wong (American Electric Power Service Corporation, New York, 
N.Y. 10004): The members of the Reliability Subcommittee are to be 
commended for conducting and analyzing the results of a survey that 
covers so many elements in industrial power systems. 

Perhaps the authors want to clarify why the chi-squared distribu- 
tion was used in fitting the data and what kind of statistical testing 
technique was employed to ensure the adequacy of the distribution 
chosen, The authors did compare the results of the recent survey 
against those obtained in 1962. The readers should be warned that 
this is only an observation based on empirical data and that any in- 
ference of a trend in the equipment reliability may not be valid, The 
paper indicates that many of the reported data cover more than one 
year of operating experience. Because the first survey was conducted 
twelve years ago, it is felt that the number of years that the different 
equipments were in service should be published (or the data collected 
during the next survey if they are not yet available) so that the reader 
can have a better understanding of the data background when he has to 
dsaw further conclusions, beyond the tables presented. 

The authors indicated that the purpose of this survey is to make pos- 
sible the quantitative reliability comparisons between alternative designs 
of new systems and then use this information in cost-reliability tradeoff 
studies to determine which type of power distribution system to use. 
It appears that the authors focus on making the economic tradeoff 
comparisons based on the available system components at a given time. 
However, the authors pointed out that the product of failure rate times 
the average downtime per failure is almost the same in 1973 as in 1962. 
Perhaps the equipment manufacturers and the industries can establish 
more dialogues, leading to an answer to the following two questions. 

1) Should the equipments have a lower failure rate, but when failing, 
take longer to repair? or 

2) Should the equipments have a higher failure rate, but when failing, 
need shorter repair time? 

in a few instances during the survey, the respondents misinterpreted 
either the question(s) and/or the definition of the terms, thus leading 
to unreliable or biased results. This is especially true in the area of 
preventive maintenance. I might suggest that during the next survey 
1) the definition of all terms that are likely to cause confusion in the 
questionnaire be included, 2) a pilot survey be instituted and any neces- 
sary modifications be made to the questionnaire before a full-scale 
survey is launched, or 3) the survey form be sent out without request- 
ing data, but instead requesting the respondent's interpretations of the 
questions and the terms used. Then the survey form may be redesigned 
and data requested. 


1. O. Sunderman (Lincoln Electric System, Lincoln, Nebr.): The au- 
thors have presented an interesting cross section of costs involved with 
industrial electric equipment downtime as accumulated by the com- 
puter. The data are to be utilized by interested parties in the choice 
of a reliability design for industrial power distribution systems. The 
wide range of costs as split into the two parts over 1000 kW and under 
1000 kW suggests consideration of othet kW brackets at 500, 2500, 
§000, 7500, 10000 kW, etc. The sufficiency of data will dictate 
breaking points, as the author already questions the cost data below 
1060 kw. 

In Part 3 the authors have reviewed and presented in excellent tables 
the results of electric equipment outage reports and repair. It must have 
been disturbing to note the numerous “other than categories classified. 
Perhaps further reporting on the “other™ category comments, if avail- 
able, would bring additional results to light. 


IEEE Reliability Subcommittee: The authors wish to thank those who 
presented discussions on these three papers. Some of the suggestions 
given can be considered for incorporation into future surveys and they 
can also be used in the analysis of the results. 

Several discussers have raised the question about the effect of “in 
service date” or age on the reliability of electrical equipment. Popula- 
tion dats were collected on the average age of equipment in service; 
these will be published in Part 4. However, the Reliability Subcom- 
mittee did not request these data in the survey questionnaire on equip- 
ment failures. This subject was considered by the Subcommittee when 
making up the questionnaire; it was not included because this would 
have added additional complications to a questionnaire that was al- 
ready considered too long. This meant that the assumption was made 
that the failure rate was constant with age. Thus a chi-squared dis- 
tribution is appropriate for use in calculating the confidence limits of 
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the failure rate. The assumption of a constant failure rate with age can 
be justified for most electrical equipment based upon reliability surveys 
made by others. 

Mr. Becker and Mr. Beard have raised questions about the accuracy of 
the cost of power outage data and the attempt to relate it to kilowatts 
and kilowatthours. Information was collected but not published on the 
estimated plant outage costs 1) per failure and 2) per hour of down- 
time. The authors consider that the cost of power outages is an im- 
portant factor that should be considered in the design of power 
distribution systems for industrial plants. Since power distribution 
systems are designed on the basis of kilowatt capacity and kilowatthour 
of delivered energy, it was felt that it is necessary to attempt to relate 
the cost of power outages to these two parameters. The approach used 
by the Reliability Subcommittee is the same as that which has been 
used by electric power companies in several European countries. The 
survey result of the median cost of 83¢ per kilowatthour of unde- 
livered energy is in the same range as values obtained from surveys that 
have been made in Sweden, Norway, France, Italy, and West Germany. 
The authors agree that the published data of the cost of power outages 
are more meaningful if related to specific types of plants. 

The authors acknowledge Mr. Beard’s suggestion that a one-line 
diagram should be used in the survey of the electric utility supply. A 
new survey of the electric utility supply is being started, and Mr. Beard’s 
suggestion will be included. This new survey should clear up the prob- 
lem of the questionable accuracy mentioned by Mr. Beard. The au- 
thors acknowledge Mr. Beard’s comment questioning the accuracy of 
the “time” factor in loads lost versus time of power outage in Table 30. 

In answer to several questions raised by Mr. Krasnodebski, the au- 
thors make the following comments. 

1) The failure rates are based upon a calendar year of 8760 h, 
Not upon an operating time, which could be less and would thus result 
in a higher failure rate than reported in the survey, 

2) The failures of circuit breakers are meant to include the auxiliaries. 

3) The failure modes of circuit breakers are included in Table 41; 
this includes “fail to close,” “fail to open,” etc. However, data were 
not collected on the number of circuit breaker operations. 

4) The Reliability Subcommittee does not consider that it would be 
appropriate for a technical society such as IEEE to collect and publish 
reliability data by name of manufacturer. 

5) The authors agree that better record keeping of failures would 
improve survey results. It is expected that future surveys will cover 
only a few categories of electrical equipment that are considered 
trouble areas. 

6) The authors acknowledge the logic in the very interesting com- 
ments made on synchronous motors and switchgear bus and generators. 

7) The steam turbine generators in industrial plants probably have 
constant operation and thus could be expected to have a much lower 
failure rate than 60-89 MW units in utility applications where the 
operation was cyclical. 

The authors wish to thank Mr. Kuehn for his suggestions in analyzing 
the data. These suggestions included 1) test hypothesis that part of 
data can be rejected, and 2) analysis of variance or multiple regression. 
Mr. Becker has raised a point where this approach for analyzing the data 
could possibly be tried. Mr. Becker feels that the survey results are too 
high on the downtime per failure of a single-circuit electric utility 
supply. This may be true for his system, but perhaps other utilities are 
not as good as his company's system. 

Mr. Wong has raised a warming about drawing the conclusion that 
equipment reliability has improved since the previous survey con- 
ducted 11 to 12 years earlier. A separate paper has been prepared on 
this subject and will be published in the near future. This paper con- 
tains the conclusion that the failure rate of electrical equipment has 
shown a definite trend of improvement during the 12-year interval. 

The authors wish to thank Mr. Weils for his discussion on preventive 
maintenance. A lot more data on preventive maintenance are being 
processed and will be included in Part 4. Mr. Wells’ Table B shows 
more failures in the ‘12 months or more” category than for the “less 
than 12 months ago” category. The authors would like to point out 
that the electrical equipment has more unit-years of exposure in the 
“12 months or more” category and thus could be expected to have 
more failures. Thus it is not possible to conclude that more frequent 
preventive maintenance will reduce the failure rate. The Reliability 
Subcommittee is investigating this subject in further detail and will 
publish the results in Part 4. 
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Report on Reliability Survey of Industrial Plants, Part IV: 
Additional Detailed Tabulation of Some Data Previously 
Reported in the First Three Parts 


IEEE COMMITTEE REPORT 


Abstract—An IEEE sponsored reliability survey of industrial 
plants was completed during 1972. This survey included 30 com- 
panies covering « total of 68 Industrial plants in the United States 
and Canada, Additional detailed results are reported on some data 
that were previously reported in the first three parts. This includes 
failure modes of circuit breakers, cost of power outages, critical 
service loss duration time, loss of motor load versus time of power 
outage, and the effect of failure repair method and repair urgency 
on the average downtime per failure of electrical equipment. This 
information is useful in the design of industria! power distribution 
systems, 


INTRODUCTION AND RESULTS 


URING 1972 the Reliability Subcommittee of the 
Industrial and Commercial Power Systems Com- 
mittee completed a reliability survey of industrial plants. 
This paper presents Part IV of the results from the survey. 
The first three parts [1]}-[3] were published previously. 
Some of the data in the first three parts caused questions 
to be raised about the possibility of obtaining additional 
details. These additional details are being reported in this 
paper and include the following results. 
Table 43 gives failure modes of circuit breakers, in- 


cluding 


1) metalclad drawout 
a) 0-600 V 
b) 601-15 000 V 
c) all voltages 
2) fixed type (includes molded case) 
a} 0-600 V 
b) all voltages. 


Tables 44, 45 give cost of power outages, adding 25 
and 75 percentile data to what was previously published. 

Table 46 gives critical service loss duration time (maxi- 
mum length of power failure that will not stop plant 
production), adding 10, 25, 75, and 90 percentile data to 
what was previously published. 


Paper TO!)-74-33, approved by the Industrial and Commercial 
Power Systems Committee of the IEEE Industry ae 
Society for presentation at the 1974 Industrial and Commercial 
Power Systems Technical Conference, Denver, Colo., June 2-6. 
Manuscript released for publication April 15, 1974. 

Members of the Reliability Subcommittee of the IEEE Industrial 
and Commercial Power Systems Committee are A. 1). Patton, 
care. C. E. Becker, W. H. Dickinson, P. E. Gannon, C. RB. 
Heising, D. W. McWilliams, R. W. Parisian, and 8. Wells. 


Copyright © 1998 IEEE. All rights reserved. 


Table 47 lists loss of motor load versus time of power 
outage, adding the following length of power outage 
categories: 

1) 10 to 15 cycles 
2) 15+ to 30 cycles 
3) 0.5+ to 2.08 

4) 2+ to40s 

5) >4.08. 


Tables 48- through 56 report the effect of failure repair 
method and failure repair urgency on the average down- 
time per failure for the following equipment categories: 


1) transformers—tiquid filled 
a) 601--15 000 V 
b) above 15 000 V 
2) circuit breakers—-metalclad drawout. 
a) 0-600 V 
b) above 600 V 
3) motors 
a) induction, 0 600 V 
b) induction, 601-15 000 V 
c} synchronous, 603-15 000 V 
4) cable 
a) above ground and aerial, 601-15 000 V 
b) below ground and direct burial, 601~15 000 V 


In each of the Tables 43 through 56 reference is made 
to the tables in Parts I, IH, and III where previous results 
had been reported. 


DISCUSSION--FAILURE MODES OF 
CIRCUIT BREAKERS 


The data on failure modes of circuit breakers given in 
Table 43 show some very interesting results. 


Circutt Breakers, 0-600 V 


71 percent of the failures of metalclad drawout circuit 
breakers were ‘opened when it shouldn’t” versus 5 percent 
of the failures for fixed-type circuit breakers (includes 
molded case). 77 percent of the failures of fixed-type 
circuit breakers (includes molded case) were “failed while 
operating (not while opening or closing},” and only 10 
percent of the metalclad drawout failures included this 
failure mode. 

None of the failures reported for either type of circuit 
breaker were “failed while opening.’’ Only 9 percent and 
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TABLE 43 - FAILURE MODES OF CIRCUIT BREAKERS - Percent of Total Failures in Each Fatlure Mode 
dD Reported in Tables 5 and 41 


Metalclad Metalclad *Fixed 
All Metalclad Drawout- Drawout- Type 
Circuit Drawout- 601-75 ,000 0-600 Volts | 0-600 Volts 
Breakers All Volts Atl Sizes Ail Sizes 


Failed to close when it should 
Failed while opening 
_Opened when it shouldn't __ __ 
Damaged while successful ly 
opening 
Damaged while closing 
Fatted while operating (not while 


opening or closing 


Failed during testing or main- 
tenance 

Damage discovered during testing 
or maintenance 


Total Percent 


Number of Failures in Total 
Percent 
Number Not Ae lot in Col. 46, 


total Fattures ta Table 3 


*Includes apided case 
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5 percent, respectively, of the failures were “damaged 
while successfully opening.” Only 7 to 8 percent of the 
failures were “‘failed to close when it should.” 

It appears that the dominate failure mode for metalclad 
drawout circuit breakers, 0-600 V, is “opened when it 
shouldn’t.” It is possible that some of these failures were 
external to the breaker and of unknown cause and were 
blamed on the breaker. Some of these may have been due 
to improper sctting of the trip current. 

The dominate failure mode for fixed-type circuit breakers 
(includes molded case), 0-600 V, is “failed while operating 
(not while opening or closing) .” 


Metalciad Drawout Circutt Breakers, 601-16 000 V 


Metal drawout circuit breakers, 601-15 000 V, had 21 
percent of the failures classified as ‘failed while opening” 
and 4 percent classified as “damaged while successfully 
opening.” Another 24 percent of the failures were classi- 
fied as “failed while operating (not while opening or 
closing).”” 49 percent of the failures were classified as 
“opened when it shouldn’t;” it is suspected that some of 
these may have been due to improper setting of the trip 
current, 

It appears that metalelad drawout circuit breakers, 
601-15 000 V, have about half of their failures as “opened 
when it shouldn’t” and the other half as “failed while 
operating or while opening.” 


DISCUSSION—LOSS OF MOTOR LOAD 
VERSUS TIME OF POWER OUTAGE 


The data on loss of motor load shown in Table 47 
indicate that for power outages greater than 10 cycles 
duration most of the plants lose the motor load. However, 
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for power outages between 1 to 10 cycles duration, only 
about half as many lose the motor load. Thus, power 
outages of less than 10 cycles duration may often not 
result in losing the motor load. 

There were many power outages of more than 4.0 8 
duration, and 35 percent did not lose motor load. It is 
suspected that many of these did not have a motor load. 
Some may have had a duplicate feed and thus did not lose 
the motor load. 


DISCUSSION—EFFECT OF FAILURE REPAIR 
METHOD AND FAILURE REPAIR 
URGENCY ON AVERAGE HOURS 

DOWNTIME PER FAILURE 


Data were given in Part I on the average hours downtime 
per failure for 74 categories of electrical equipment. It is 
known that the downtime after a failure can be affected 
to a large extent by the failure repair method and the 
failure repair urgency. The failure repair method includes 
either repair of the failed component or else replacement 
with a spare. Some data were given in Tables 33 and 34 of 
Part III on the failure repair method and the failure repair 
urgency for whole classes of electrical equipment. 

A more detailed study is reported in Tables 48-56 of 
this paper on the effect of the failure repair method and 
the failure repair urgency on the average hours downtime 
per failure, This is only reported for 9 electrical equipment 
categories, rather than the 74 categories given in Part I. 
These 9 electrical equipment categories were selected be- 
cause an adequate sample size existed of the number of 
failures and because the average downtime per failure 
was effected significantly by the failure repair method 
and/or the failure repair urgency. 
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TABLE 44 - PLANT OUTAGE COST PER FAILURE PER kW OF MAXIMUM DEMAND ($ per kW) 


All Industry - USA & Canada 


(Data Previously Reported in Tables 22, 24 and 26) 


Reporting Minimum Percentile 
All Plants 


Plants > 1000 kW 
Max. Demand 


Plants < 1000 kW 
Max. Demand 


75% 
Median Percentile Maxi mun Average 


TABLE 45 - PLANT OUTAGE COST PER HR. DOWNTIME PER kW OF MAXIMUM DEMAND ($ per kWh) 


All Industry - USA & Canada 


5% 
Reporting Minimum Percenti te 


All Plants 


Plants > 1000 kW 
Max. Demand 


Plants < 1000 kW 
Max. Demand 


75% 
Median Percentile Maximum Average 
27.00 
5.77 


27.00 
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TABLE 46 - CRITICAL SERVICE LOSS DURATION (Maximum Length of Power Failure 
that Will Not Stop Plant Production) 
Data Previously Reported in Table 29 


10% 25% 75% 90% 
Reporting Average Percentile Percentite Median Percentile Percentile 


All Industry - 12.6 min, 5.0 cycles 10.0 cycles 10.0 sec. 15.0 min. 60.0 min. 
USA & Canada 


Chemica) 4.56 min. 3.2 cycles 8.5 cycles 1.25 sec. 5.0 min. 28.5 min. 


TABLE 47 - LOSS OF MOTOR LOAD VERSUS TIME OF POWER OUTAGE 
Tabulation of the Percentage of Equipment Failures 
for Which the Motor Load was Lost 

Oata Previously Reported in Table 30 


Length 
of 


Equipment 
Fat lure 


1 cycle or less 
1+ to 10- cycles 
10 to 15 cycles 
15+ to 3% cycles 
0.5+ to 2.0 sec. 
2.0+ to 4.0 sec. 
> 4.0 second 


@ XIGNAdd¥ 


Z661-€6pP PIS 


FFF 


897 


‘peniesal sjySu jy “3331 8661 @ wBuAdoD 


TABLE 48 TRANSFORMERS-LIQUID FILLED, 601-15,000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 

(Previous Data Given in Tables 4, 33 and 34) 


FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Replace 
Repair with S 


T 
Average Hours Downtime 
Number of Failures per Faiture FAILURE REPAIR URGENCY 


Requiring round-the-clock al] out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


*Small Sample Size 


TABLE 49 - TRANSFORMERS-LIQUID FILLED, ABOVE 15,000 VOLTS 

EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
(Previous Data Given in Tables 4, 


FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Replace 
Repair with Spare 


FAILURE REPAIR URGENCY 
Requiring round-the-clock atl out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


Average 1076, Hours Total 


*Small Sample Size 


Z661-€67 AIS 
EEFi) 


@ XION3ddv¥ 


-penases syubu jIy “333! 866) @ wBuAdoD 


697 


TABLE 50 ~ CIRCUIT BREAKERS - METALCLAD DRAWOUT, 0-600 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 


FAILURE REPAIR METHOD 


Replace 
Repair with S 


T Re ith : 
Average Hours Downtime 
Number of Failures per Failure FAILURE REPAIR URGENCY 


Requiring round-the-clock all out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


*Small Sample Size 


TABLE 51 - CIRCUIT BREAKERS - METALCLAD DRAWOUT, ABOVE 600 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
Previous Data Given in Tables 5, 33 and 34 
FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Replace 
th 


Ne T 
Average Hours Downtime 
Number of Fa{lures per Failure FAILURE REPAIR URGENCY 


Requiring round-the-clock al] out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


*Small Sample Size 
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TABLE 52 - MOTORS - INDUCTION, 0-600 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 

ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
(Previous Data Given in Tables 7, 33 and 34 


FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Replace 
are 


FAILURE REPAIR URGENCY 
Requiring round-the-clock a1) out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


“erp ring repair work on a non-priority 
asis 


Average 114, Hours 


*Small Sample Size 


TABLE 53 - MOTORS - INDUCTION, 601-15,000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
Previous Data Given in Tables 7, 33 and 34 


FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Rep! ace 


Re a Total epafr with Spare 
Average Hours Downtime 
Number of FafTures per Failure FAILURE REPAIR URGENCY 
. Requiring round-the-clock all out efforts 


. Requiring repair work only during regular 
workday, perhaps with some overtime 


. Requiring repair work on a non-priority 
basis 


*Smal? Sample Size 
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TABLE 54 - MOTORS - SYNCHRONOUS, 607 - 15,000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
(Previous Data Given in Tables 7, 33 and 34) 
FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


Replace 


FAILURE REPAIR URGENCY 


Requtring round-the-clock all out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requtring repair work on a non-priority 
basis 


*Small Sample Size 
TABLE 55 - CABLE - ABOVE GROUND & AERIAL, 601-15,000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
Previous Data Given in Tables 13, 33 and 34) 
FAILURE REPAIR METHOD FAILURE REPAIR METHOD 


ae 


FAILURE REPAIR URGENCY 
Requiring round-the-clock al] out efforts 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


*Small Sample Size 
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TABLE 56 - CABLE - BELOW GROUND & DIRECT BURIAL, 601-15,000 VOLTS 
EFFECT OF FAILURE REPAIR METHOD AND FAILURE REPAIR URGENCY 
ON THE AVERAGE HOURS DOWNTIME PER FAILURE 
Previous Data Given in Tables 13, 33 and 34 


FAILURE REPAIR METHOD 


peplacs 


Repa with spare 
Number of Failures per Failure 


*Small Sample Size 


In several cases there is a disparity in the downtime 
between the “average” and the cases where work is done 
“round the clock.’”” When making availability calculations, 
this should be considered when deciding what value to use 
for the downtime after a failure. 


Transformers, Liquid Filled 


Transformers, above 15 000 V, had an average down- 
time per failure of 1842 h when sent out for repair without 
round-the-clock urgency. This compares with an overall 
average of 1076 h for. all outage times, which included 
several cases of replacement with a spare. Thus it can be 
concluded that repair gives a much longer outage time 
than replacement with a spare for transformers, above 
15 000 V. 

Transformers, 601-15 000 V, had an average downtime 
per failure of 342 h when sent out for repair without 
round-the-clock urgency. This compares with 130 h for 
replacement with a spare while working round the clock. 
Thus it can be concluded that repair gives a much longer 
outage time for transformers, 601-15 000 V, than replace- 
ment with a spare while working round the clock. 


Circuit Breakers, Metalciad Drawout 


Metalclad drawout circuit breakers, 0-600 V, had an 
average downtime per failure of 3.3 h to 3.8 h when fixing 
the failure with round-the-clock efforts. This compares 
with an overall average of 147 h for all outage times. Thus 
it can be concluded that 24 percent of the outages of 
metalclad drawout circuit breakers, 0-600 V, had low 
urgency for fixing the failure, and that these 24 percent 
of the failures resulted in increasing the average downtime 
per failure from 3.8 h to 147 h. 

Metalelad drawout circuit breakers above 600 V, had 
an average downtime per failure of 109 h for all outages. 
However, when round-the-clock effort was applied it only 
took 83 h for repair and only took 2.1 h for replacement 
with a spare. This shows that it is possible to reduce the 
downtime by having a spare and working round the clock 
when fixing metalclad drawout circuit breakers, above 
600 V. 
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FAILURE REPAIR METHOD 


FAILURE REPAIR URGENCY 


Requiring repair work only during regular 
workday, perhaps with some overtime 


Requiring repair work on a non-priority 
basis 


Most users of synchronous motors, 601-15 000 V, did 
not have a spare. Thus the average downtime per failure 
was 175 h for all failures. 

Induction motors, 601-15 000 V, had an average down- 
time per failure of 35 h for replacement with a spare, 
compared to 84 to 88 h for repair. Induction motors, 0- 
600 V, had an average downtime per failure of 6.6 h for 
replacement with a spare while working round the clock. 
This compares with 123 h for repair and not working 
round the clock. 


Cables 


Cables, above ground and aerial, 601-15 000 V, had an 
average downtime per failure of 9 h for repair when 
working round the clock. This compares with 40 h for all 
failures. This shows that it is possible to reduce the down- 
time by working round the clock when fixing cables, above 
ground and aerial, 601-15 000 V. 

Cables, below ground and direct burial, 601~15 000 V, 
had an average downtime per failure of 96 h for all failures. 
However, this was only 19 to 27 h when working round the 
clock. This shows that it is possible to reduce the down- 
time by working round the clock when fixing cables, below 
ground and direct burial, 601-15 000 V. 


DISCUSSION—COST OF POWER OUTAGES 


Data are given in Tables 44 and 45 on the cost of power 
outages to industrial plants. This has added 25th and 75th 
percentile data to what had previously been reported in 
Part II. These were added because of the wide spread in 
the cost of power outages to industrial plants. 
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Report on Reliability Survey of Industrial Plants, Part V: 
Plant Climate, Atmosphere, and Operating Schedule, the Average 
Age of Electrical Equipment, Percent Production Lost, and the 


Method of Restoring Electrical Service after a Failure 


IEEE COMMITTEE REPORT 


Abstract—An IEEE sponsored reliability survey of industrial 
plants was completed during 1972. This survey included the plant 
tlimate, atmosphere, and operating schedule, the average age of 
electrical equipment, percent production lost, and the method of 
restoring electrical service after a failure. The results are reported 
from the survey of 30 companies covering 68 plants in nine industries 
in the United States and Canada. This information is useful in the 
design of industrial power distribution systema. 


INTRODUCTION AND RESULTS 


URING 1972 the Reliability Subcommittee of the 
Industrial and Commercial Power Systems Com- 
mittee completed a reliability survey of industrial plants. 
This paper presents Part V of the results from the survey. 
The first three parts [1 } [3] were published previously ; 
some of the data of lesser importance were not published 
at that time but are presented in this paper. Included in 
Part V are 
Table 57—Failure Forewarning for Public Utility 
Power Interruption Only. 
Table 58—Percent Production Lost, 
Table 59— Method of Service Restoration, 
Table 60-—-Average Age of Electrical Equipment, 
Table 61—Plant Climate, 
Table 62—Plant Atmosphere, 
Table 63—Plant Operating Schedule. 


These data are useful when using the results published in 
Parts I, II, Il], IV [4], and VI [5]. This information is 
also useful in the design of industrial power distribution 
systems. The data on average age of electrical equipment 
and plant operating schedule provide answers to some 
points raised in the written discussion to Part I. 


Paper TOD-74-33, approved by the Industrial and Commercial 
Power Systems Committee of the IEEE Industry Applications 
Society for presentation at the 1974 Industrial and mmercial 
Power Systems Technicat Conference, Denver, Colo., June 2-6. 
Manuscript released for publication April 15, 1974. . 

Members of the Reliability Subcommittee of the IEEE Industrial 
and Commerciat Power Systems Committee are A. D. Patton, 
Chairman, C. E. Becker, W. H. Dickinson, P. E. Gannon, C. R, 
Heising, D. W. McWilliams, R. W. Parisian, and S. Wells. 
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TABLE 57 - FAILURE FOREWARNING for PUBLIC 
ITY POWER INTERRUPTION ONLY 


Col. 25 
Card-Type 3 


1. If no forewarning was given 
3% 2, If forewarning was given 
_ For other types of failure, leave blank 


Total Percent 


Total Interruptions Reported 


SURVEY FORM 


The survey form is shown in Appendix A of Part I [1]. 
The information reported in this paper came from 1) card 
type 3, columns 25, 53, and 58; 2) card type 2, column 33; 
and 3) card type 1, columns 9-11 and 13, The definition 
of failure is given in Part I. 


RESPONSE TO SURVEY 


A total of 30 companies responded to the survey 
questionnaire, reporting data covering 68 plants in nine 
industries in the United States and Canada. For the 
purpose of reporting results in this paper, Part V, the 
number of industries were reduced from nine down to five 
plus an “all other’ category. The five industries selected 
were the ones for which equipment failure rate data were 
reported in Tables 3 through 19, Part I. All of the remain- 
ing industries were combined into an ‘‘all other’ category 
in Tables 61-63 on plant climate, plant atmosphere, and 
plant operating schedule. 


DISCUSSION—FOREWARNING FOR PUBLIC 
UTILITY POWER INTERRUPTION 


Only 3 percent of the time was a failure forewarning 
given for a public utility power interruption to the indus- 
trial plant. Data from Table 3, Part I, and Table 47, 
Part V, indicate that a large percentage of these interrup- 
tions were on double- or triple-circuit supplies. Forewarn- 
ing can be important to plants with a single circuit. It can 
also be important to plants containing a double circuit 
with manual switchover. 
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TABLE 59 - METHOD OF SERVICE RESTORATION 


Col, 58 
Card Type 3 


BARE 


CABLE 
JOINTS 


SWITCHGEAR BUS - 
CABLE 


ELECTRIC UTILITY 
POWER SUPPLIES 


ae TRANSFORMERS 


TERMINATIONS 


Give method of restoring service 
to plant 
rimary selection - manua 
2 Primary selection - automatic 


her 


5 GENERATORS 


eoooeo 
Nm = 
Ss oOono 
me ~ } 
So “Nw BOOCO9O 
| 
= — 
oo on eoonoe 
Sse 
J 
nN w 
oo i OanN co Be 
' 
ny 
wmo OM oOfwo 
t 


ae 


0 S 
si. | SHODERPERR ®4S - 


Secondary selection ~ automatic 

Network protector operation - 
automatic 

Repair of failed component 

Replacement of failed component 
with spare 

Utility restored service 

Other - explain in remarks 


otal Percent 
OTAL NUMBER REPORTED 


) 
S 
i=) 


TABLE 60 - AVERAGE AGE OF ELECTRICAL EQUIPMENT 


' ‘ 

"2) “yr 
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=z io 4 uo xo <x noe 
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NUMBER OF INSTALLED UNITS 


6} 989) 103 104 0 0 0 0 0 30 15 0 12] 1 Less than 1 year old 
694| 3691 | 3162 | 1884 9} 909; 646 | 1998 1206 12} 1019} 1385} 3314] 2 1-10 years od 
835; 1944| 608 | 3643 77} 552] 691 555 | 13640 | 472; 1831} 2338] 5712| 3 More than 10 years old 
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TABLE 6] - PLANT CLIMATE (for entire plant site) 
TABLE 62 - PLANT ATMOSPHERE (for entire plant site} 


Table, Title, Card-Type 1 Column No. 


PETROLEUM 
RUBBER AND 
PLASTICS 
TEXTILE 


NUMBER OF PLANTS TABLE 61 - PLANT CLIMATE (Col. 9) 


Average of Daily Maximums for Hottest Month 


Temperature Retative Humidity (Ry) 
measured at noon to 2 PM ST) 
1 Hot (> 90F) High (> 55 RH) 
2 Hot (> 90F) Moderate ( 50-55 RH) 
3 Hot (>90F)_. Low) «=6(€ 50 RH) 
4 Moderate (80-90F) High (>55 RH) 
5 Moderate a s0r Moderate ( 50-55RH) 
__ _ 6 Moderate (80-90F)__ Low (<€ 50 RH)___ 
7 Low (<80F} High (>55 RH 
8 Low (€ 80F) Moderate (50-55 RH) 
9 Low (€ 80F) Low (€ 50 RH) 


| TABLE 62 - PLANT ATMOSPHERE (Cot. 10) 


] Clean to slightly polluted air 

2 With salt spray and corrosive chemicals 
__-__3 With salt spray and dust or sand 

4 With salt spray only 

5 With corrosive chemicals and dust or sand 
— __6 With corrosive chemicals only __ 

7 With dust or sand only 

8 With conductive dust 

9 Other 
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0 
0 
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0 
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1 
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CHEMICAL 
PETROLEUM 
RUBBER AND 
PLASTICS 
TEXTILE 


0 0 
0 0 6 
0 0) 
QO} 17 
0 a] 
3 7 


DISCUSSION—PERCENT PRODUCTION LOST 


The most severe category of failure in an industrial 
plant ia where above 30 percent of the production is lost. 
Data from Table 58 show that the following percent of 
equipment class failures resulted in losing above 30 percent 
of the production. 


Switchgear bus—bare 50 percent 
Electric utility power supplies 27 percent 
Switchgear bus—insulated 20 percent 
Cable terminations 18 percent 
Bus duct 15 percent 
Transformers 15 percent 
Generators 15 percent 
Open wire 13 percent 
Cable 13 percent 
Cable joints 9 percent 
Cireuit breakers 8 percent 
Motors 3 percent 
Motor starters 2 percent 


It can be seen that failures of switchgear bus and clectric 
utility power supplies often result in losing above 30 
percent of the production. 


DISCUSSION—METHOD OF SERVICE 
RESTORATION 


The data on method of electrical service restoration to 
plant is shown in Table 59. A percentage breakdown of the 
total shows the following results. 


Copyright © 1998 IEEE. All rights reserved. 


TABLE 63 - PLANT OPERATING SCHEDULE 


ALL 
OTHER 
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Title, Card-Type 1 Column No. 


DAYS PER WEEK (Cot. 13) 


Replacement of failed component 


with spare 22 percent 
Repair of failed components 22 percent 
Other 22 percent 
Utility service restored 12 percent 
Secondary selection—manual 11 percent 
Primary selection—manual 7 percent 
Primary selection—automatic 2 percent 
Secondary selection—automatic 2 percent 
Network protector operation—automatic 0+ percent 


The most common methods of service restoration are 
replacement of faited component with a spare or repair 
of failed component. Only 22 percent of the time is primary 
selection or secondary selection used; this would indicate 
that most power distribution systems are radial. 


DISCUSSION—-AVERAGE AGE OF 
ELECTRICAL EQUIPMENT 


Many respondents to the reliability survey of industrial 
plants submitted data covering a ten-year period. Thus it 
is not surprising to see that Table 60 shows a large popula- 
tion that is more than ten years old. The following percent 
of installed units are classified as more than ten years old. 
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Bus duct 92 percent 
Open wire 92 percent 
Generators 90 percent 
Motors 65 percent 
Cable 64 percent 
Cable joints 63 percent 
Cable terminations 63 percent 
Transformers 54 percent 
Switchgear bus—insulated 52 percent 


Motor starters, disconnect switches, switchgear bus—bare, 
and circuit breakers had over 50 percent of the installed 
units one to ten years old. 

15 percent of the circuit breakers were less than one 
year old, All other equipment classes had less than 6 per- 
cent of the installed units less than a year old. 


DISCUSSION—PLANT CLIMATE 
AND ATMOSPHERE 


Data on plant climate and plant atmosphere are given 
in Tables 6! and 62. 43 percent of the plants were in 4 
hot climate, 53 percent in a moderate climate, and only 
4 percent in a low climate (cold climate). 43 percent of 
the plants had high relative humidity, 31 percent had 
moderate relative humidity, and 26 percent had low rela- 
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tive humidity. 53 percent of the plants had a plant 
atmosphere classified as ‘‘clean to slightly polluted air.” 
The other 47 percent had an atmosphere with some 
contamination. 


DISCUSSION—PLANT OPERATING SCHEDULE 


The data on plant operating schedule are given in Table 
63. 52 percent of the plants operated 7 days per weck, 
4 percent for 6 days, and 44 percent for 5 days. 59 percent 
of the plants operated 24 h per day, 28 percent for 16 h, 
and 13 percent for 8 h. 
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Report on Reliability Survey of Industrial Plants, Part VI: 
Maintenance Quality of Electrical Equipment 


IEEE COMMITTEE REPORT 


Abstract—An IEEE sponsored reliability survey of industrial 
plants was completed during 1972. This included maintenance 
quality, the frequency of schedule maintenance, and the failures 
caused by inadequate maintenance. The results are reported from 
the survey of 30 companies covering 68 plants in nine industries in 
the United States and Canada. This jaformation is useful in the 
design of industrial power distribution systems. 


INTRODUCTION 


KNOWLEDGE of maintenance quality of electrical 

equipment in industrial plants is useful information 
when planning the maintenance program of industrial 
power distribution systems. In addition it is useful to 
know how this correlates with the normal maintenance 
cycle and the failures blamed on inadequate maintenance. 
During 1972 the Reliability Subcommittee of the Industrial 
and Commercial Power Systems Committee completed a 
reliability survey of industrial plants. This paper presents 
Part VI of the results from the survey. The first three parts 
{1 }[3] were published previously. Table 38 from Part HI 
reported that inadequate maintenance was blamed for 
between 8 to 30 percent of the failures of electrical equip- 
ment. This information has caused the Reliability Sub- 
committee to make a further study of the failure data; 
the results from this study are being reported in this paper. 
Included in Part VI are the results for 12 main classes of 
electrical equipment on 


1) equipment population versus 4) maintenance quality 
and b) normal maintenance cycle; 

2) failures due to all causes versus a) failure, months 
since maintained, and b) maintenance quality; 

3) failures due to inadequate maintenance versus a) 
failure, months since maintained, and b) mainte- 
nance quality. 


The “maintenance quality” is an opinion that was 
reported by each participant in the survey. The four 
classifications used were “excellent,” ‘‘fair,”’ “poor,” and 
“none.” The “normal maintenance” cycle is the frequency 
of performing preventive maintenance. 


Paper TOD-74-33, approved by the Industrial and Commercial 
Power Syatems Committee of the IEEE Industry Applications 
Society for presentation at the 1974 Industrial and Commercial 
Power Systems Technical Conference, Denver, Colo., June 2-6. 
Manuscript released for publication April 15, 1974. 

Members of the Reliability Subcommittee of the IEEE Industrial 
and Commercial Power Systems Committee sre A. D. Patton, 
Chairman, C. E, Becker, W. H. Dickinson, P. E, Gannon, C. R. 
Heising, D. W. McWilliams, R. W. Parisian, and S. Wells. 
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SURVEY FORM 


The survey form is shown in Appendix A of Part I [1]. 
The information reported in this paper came from 1) card 
type 2, col. 34 (maintenance, normal cyele); 2) card 
type 2, col. 36 (maintenance quality); 3) card type 3, 
col. 34 (failure, months since maintained); 4) card type 
3, col. 40 (suspected failure responsibility). The definition 
of failure is given in Part I. 


RESPONSE TO SURVEY 


A total of 30 companies responded to the survey ques- 
tionnaire, reporting data from nine industries in the United 
States and Canada. Every plant did not report all the 
information called for in card type 2, columns 34 and 36. 
Every failure report did not have filled out all of the 
information called for in card type 3, columns 34 and 40; 
a total of 1469 failures had this information filled in and 
are reported here in Part VI, and 240 of these failures 
were blamed on inadequate maintenance. Differences in 
the number of failures and unit-years reported here in 
Part VI and those previously reported in Part I and Part 
III can be explained from the preceding. 


STATISTICAL ANALYSIS 


The subject of statistical analysis of equipment failures 
is discussed in Part I [1]. Confidence limits for the failure 
rate are shown in Fig, 1 of Part I, The Reliability Sub- 
committee concluded that eight failures is an adequate 
sample size for reporting failure rates in the summary in 
Table 2, Part I. In a few cases, failure rate data were 
reported in Tables 3 through 19, Part I, where there were 
less than cight failures. 

In this paper several cases are reported in Tables 67 
through 78, where the failure rate contains less than eight 
failures; these cases have been marked “‘small sample size.” 


SURVEY RESULTS 


Results are tabulated for 12 main equipment classes in 
Table 64 where the equipment population is given versus 
1) maintenance quality and 2) normal maintenance cycle. 

Table 65 summarizes the percent of each electrical 
equipment class population versus the maintenance qual- 
ity. Table 66 summarizes the percent of each electrical 
equipment class population versus the normal maintenance 
cycle. 

Results are tabulated for each of the 12 main equipment 
classes in Tables 67 through 78, where the number of 
failures is given for 1) failures due to all causes and 2) 
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failures due to inadequate maintenance, versus 1) failure, 
months since maintained, and 2) maintenance quality. 
Failure rate calculations are also given in Tables 67 through 
78; these calculations used the population data from 
Table 64. 

Table 79 summarizes the number of failures for alt 
equipment classes combined versus the maintenance qual- 
ity. Table 80 summarizes the number of failures for all 
equipment classes combined versus the months since 
maintained. 

GENERAL CONCLUSIONS—MAINTENANCE 

QUALITY 

The maintenance quality is an opinion that was reported 
by each participant in the survey. The major portion of 
the electrical equipment population in the survey had a 
maintenance quality that was classified as excellent or 
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fair. Less than 5 percent of the population in each equip- 
ment class (except for motor starters) were classified as 
poor. Four equipment categories had between 24 percent 
to 43 percent of the population classified as ‘‘none” under 
maintenance quality; this included cable termination (43 
percent), disconnect switches (40 percent), cable (335 per- 
cent), and cable joints (24 percent). 

Maintenance quality had a significant effect on the 
percent of all failures that were blamed on inadequate 
maintenance. In the “poor” category 33 percent of all 
failures were blamed on inadequate maintenance. This 
compares with 18 percent for fair maintenance and 12 
percent for excellent maintenance. The “none” category 
for maintenance quality also had 12 percent of all failures 
blamed on inadequate maintenance; but 82 percent of these 
failures were for equipment classes that do not require 
much maintenance (cable, cable terminations, cable joints, 


TABLE 65 - PERCENT OF ELECTRICAL EQUIPMENT 
POPULATION VERSUS MAINTENANCE QUALITY 
(All Data Taken from Table 64) 


MAINTENANCE 
card-Typ 
ard-Type 2 
Col. ¥ 


TRANSFORMERS 
CIRCUIT 
BREAKERS 
MOTOR 
STARTERS 
MOTORS 


|] GENERATORS 


SWITCHGEAR 8US- 


DISCONNECT 
SWITCHES 
SWITCHGEAR BUS- 
INSULATED 

BARE 
TERMINATIONS 


CABLE 


Excellent 
Fatr 


g5|" 


TABLE 66 - PERCENT OF ELECTRICAL EQUIPMENT 
POPULATION VERSUS NORMAL MAINTENANCE CYCLE 
(ATT Data Taken from Table 64) 


MALNTENANCE, 


CIRCUIT 
BREAKERS 
MOTOR 
STARTERS 
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OISCONNECT 
SWITCHES 
SWITCHGEAR BUS- 
INSULATEO 
SWITCHGEAR BuUSs- 


CABLE 
TERMINATIONS 


wy 
< 
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TABLE 67 - NUMBER OF TRANSFORMER 
FAILURES YERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3, Col, 44 


Failures 
MAINTENANCE 


Preventive 
Maintenance 


Excellent 


q 1 1 
Number of Failures Due to INADEQUATE MAINTENANCE INADEQUATE 
(Card-Type 3 Col. 40) MAINTENANCE 


Excellent 
Fair 
Poor 

None 


* Small Sample Stze 


TABLE 68 - NUMBER OF CIRCUIT BREAKER 
FAILURES VERSUS MONTHS SINCE MAINTAINED ANO MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3, Col. 34 


No Failures 
MAINTENANCE Preventive per 
QUALITY Maintenance - 
Card-Type 2 A A 


Excel tent 
Fat). 


’ ' 1 
Number of Failures Due to INADEQUATE MAINTENANCE INADEQUATE 
t \ (Card-Type 3 Col. 40)1 MAINTENANCE 


Exceltent 
Fair 


* Smatl Sample Stze 


TABLE 69 - NUMBER OF MOTOR STARTER 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Cal. 34 


Failures 


Preventive 
Maintenance 


‘ { 4 1 t 
Number of Fatlures Due to INADEQUATE MAINTENANCE INADEQUATE 
(Card-Type 3 Col. 40) MAINTENANCE 


* Small Sample Size 
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TABLE 70 - NUMBER OF MOTOR 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Col. 34 


MAINTENANCE 
QUALITY Preventive 
Card-Type 2 Ag Ago Maintenance 


Excellent 
Fair 


t ( D 
Nurber of Failures Due to INADEQUATE MAINTENANCE INADEQUATE 
(Card-Type 3 Col. 40), MAINTENANCE 


Excellent 
Fair 
Poor 


* Smat] Sample Size 


TABLE 7] - NUMBER OF GENERATOR 
FAILURES VERSUS MONTHS SINCE MAINTAINED ANO MAENTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 a 34 


Failures 
per 
Unit-Year 


Excellent 
Fair 
Poor 


1 1 1 o 1 
Number of Faitures Due to INADEQUATE MAINTENANCE | INADEQUATE 
1 ' (Card-Type 3 Col. 40) | MAINTENANCE 


Excellent 
Fair 
Poor 


No 
Total 


* Small Sample Size 


TABLE 72 - NUMBER OF DISCONNECT SWITCH 
____ FAILURES -VERSUS MONTHS SINCE MAINTAINED ANO MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 fol. 4 
Mo Faftures 


Preventive 
Maintenance 
AU 


' 4 ' ' i 
Rumber of Failures Que to INADEQUATE MAINTENANCE TNADEQUATE 
' ‘ (Card-Type 3 Col. 40) MAINTENANCE 


Excetlent 
Fair | 
Poor 


* Small Sample Size 
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TABLE 73 - NUMBER OF SWITCHGEAR BUS- INSULATED 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Col. 34 
Mo Failures 
per 
Preventive **Un{t-Year 
patneemnce Le 


Excetlent 
Fair 


i ' 
to INADEQUATE MAINTENANCE INADEQUATE 
(Card-Type 3 Col. 40) MAINTENANCE 
a 


Excetlent 
Fair. 


* Small Sample Size 
**Untt = Number of Connected Circuit Breakers or Instrument Transformer Compartments 


TABLE 74 - NUMBER OF SWITCHGEAR BUS-8ARE 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 


Card-Type 3 Col. 34 
ore 
MAINTENANCE No 
QUALITY Preventive 
Card-Type 2 Ago i é 


Col. 36 Number of Failures Due to ALC CAUSES 


i 1 
to INADEQUATE MAINTENANCE INADEQUATE 
(Card-Type 3 Col. 40) MAINTENANCE 


Excellent 
Fair 
Poor 


* Small Sample Size 
**nit = Number of Connected Circuit Breakers or Instrument Transformer Compartments 


TABLE 75 ~ NUMBER OF OPEN WIRE 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Cot. 34 
Mo Failures 
MAINTENANCE per 
QUALITY Preventive **Unit-Year 
kare. 2 A Maintenance ALL 
oi, 


Exceltent 
Fair jee: 
Poor 


1 r - F 
Number of Fajlures Due to INADEQUATE MAINTENANCE 
| {Card-Type 3 Col. 40) 


Exceltent 
Fair 
Poor 

None 


* Small Sample Size 
** Unit = 1,000 Circuit Feet 


284 Copyright © 1998 IEEE. Ail rights reserved. 


APPENDIX B 


TABLE 76 - NUMBER OF CABLE 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Col. 34 


MAINTENANCE 
Preventive 
Maintenance 


Excel tent 
air 
Poor 


t ; v , 
Number of Failures Due to INADEQUATE MAINTENANCE : 
{ (Card-Type 3 Col. 


Excellent 
Fair 
Poor 
None 


* Smal) Sample Size 
** Unit = 1,000 Circuit Feet 


— 77 - NUMBER OF CABLE JOINT 


FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURES VERSUS MONTHS SEMCE MAINTAINED AND MAINTENANCE QUALITY 
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Failures 


INADEQUATE 
MAINTENANCE 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Col, 34 
Less More Failures 
MAINTENANCE Than 12 12 - 24 Than 24 No 
QUALITY Months Months Months Preventfve 
Card-Type 2 Ago Ago Ago Maintenance Tota} 
Col. % Number of Failures Due to 
Excellent 4 0 0 6 
fair _ 5 ? _ 5 _ 
0 0 7 ? 
Q_ 15 
9 i 27 45 00091 
! Nunber of Fattures Due to INADEQUATE HAINTEMANCE INADEQUATE 
| (Card-Type 3 Col. MAINTENANCE 
Excellent 6 0 G Q 
Fafr 1 suei0 2:50 a, 3 __1 
Poor 0 t¢] 0 mA ~~ 6 
fon 0 G = iQ. 
ey ea E “00016 


* Smal] Sample Size 


ABLE 78 - NUMBER OF CABLE TERMINATION 


7 
FAILURES VERSUS MONTHS SINCE MAINTAINED AND MAINTENANCE QUALITY 


FAILURE, MONTHS SINCE MAINTAINED 
Card-Type 3 Col. 34 
More 


Less ee 
MAINTENANCE Than 12 12 + 24 Than 24 No 
Months Mowithe Months Ha dain eal 
nance Tota] 
Number. ‘of atlures due to ALL Cue 
Excellent 
Fair _ _3 . 
Poor 0 
a i ae ae 
eer of Fatlures Oue to INADEQUATE MAINTENANCE INADEQUATE 
; | ' {Card-Tyne 3 Col. 40) MAINTENANCE 


Excellent 
Fair 


—OOoO-- 


* Small Sampte Size 
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TABLE 79 - NUMBER OF FAILURES VERSUS 
MAINTENANCE QUALITY FOR ALL EQUIPMENT 
CLASSES COMBINED 


MAINTENANCE 
QUALITY 
Card-Type 2 


ALL 
Col. 36 CAUSES 
Excellent 

Fair 

Poor 

None 


Number of Failures 
in Tables 67 thru 78 


PERCENT 

of Failures 
Due to 
Inadequate 
Maintenance 


INADEQUATE 
MAINTENANCE 


TABLE 80 - NUMBER OF FAILURES VERSUS 
MONTHS SINCE MAINTAINED FOR ALL 
EQUIPMENT CLASSES COMBINED 


Number of Failures 
in Tables 67 thru 78 


FAILURE, MONTHS 
SINCE MAINTAINED 
Card-Type 3, Col. 34 


ALL 


Less than 12 Months Ago 
12-24 Months Ago ___ 
More Than 24 Months Ago 
No Preventive Maintenance 


and disconnect switches). Thus this 12 percent for ‘‘none”’ 
is explainable and is not inconsistent with what could be 
expected. 

As maintenance quality decreases from “excellent” to 
“fair” to “poor,” the following equipment classes showed 
an increasing failure rate from failures blamed on inade- 
quate maintenance: transformers, circuit breakers, motor 
starters, motors, disconnect switches, switchgear bus— 
bare, open wire, cable, and cable joints. In some of these 
cases the sample size is smaller than desirable (less than 
eight failures) in order to conclusively prove this general 
statement. 


OTHER CONCLUSIONS 


Circuit Breakers 


Approximately 15 percent of the circuit breaker popula- 
tion had a maintenance quality classified as “none.” This 
compares with less than 1 percent of the population for 
transformers, motors, and generators. 

It is of interest to note that data from Table 60, Part V 
also show that 15 percent of the circuit breaker population 
was less than one year old; this compares with less than 
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PERCENT 
of Failures 
Due to 
Inadequate 
Maintenance 


INADEQUATE 
MAINTENANCE 


3 percent of the population for transformers, motors, and 
generators, This may possibly account for some of the 
listings of “‘none”’ under maintenance quality reported for 
failures of circuit breakers. 


Motors 


Motors with a maintenance quality of “fair” had a 
failure rate due to inadequate maintenance that was five 
times higher than motors with excellent maintenance 
quality, 


Open Wire 

Open wire with a maintenance quality of “fair” had a 
failure rate due to inadequate maintenance that was more 
than ten times higher than open wire with excellent 
maintenance quality. 


DISCUSSION— MAINTENANCE QUALITY 


From Table 79 it is possible to calculate for all equip- 
ment classes combined the ratio of the number of failures 
from inadequate maintenance to the number of failures 
from all other causes. This ratio versus maintenance 
quality is as follows: poor—0.49, fair—0.22, excellent— 
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Q.13. This is a measure of how much improvement can be 
obtained by upgrading the maintenance quality from 
poor to fair to excellent. An excellent maintenance program 
has only 13 percent more failures added by inadequate 
maintenance, while s poor maintenance program has 49 
percent more failures added by inadequate maintenance. 

It is apparent from the data that excellent maintenance 
quality is very important on open wire and on motors. 

It would also appear from the data in Table 65 that 
essentially everyone in the survey did excellent or fair 
maintenance on transformers, generators, and switchgear 
bus—bare. However, on circuit breakers 15 percent of the 
population had ‘“‘none”’ and 4 percent had “poor” on 
maintenance quality. On motor starters 10 percent had 
“poor” on maintenance quality. Thus, it would appear 
that everyone did not maintain circuit breakers and motor 
starters as well as transformers, generators, and switch- 
gear bus—bare. 

One of the drawbacks to ‘the results reported under 
maintenance quality was that there was no objective 
definition of “excellent,” “fair,” or “poor.” There are no 
standards for maintenance quality, and thus this data 
must be considered to be individual judgment. However, 
data reported under “failure, months since maintained” 
does not have this same drawback; this data can be con- 
sidered factual. 
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DISCUSSION—FAILURE, MONTHS 
SINCE MAINTAINED 


The data in Table 80 show for all equipment classes 
combined that there is a close correlation between the 
percent of failures due to inadequate maintenance and the 
failure, months since maintained, 


Failure, Months 
Since Maintained 


Pereent of Failures Due 
to Inadequate Maintenance 


Less than 12 months ago 7.4 
12-24 months ago 11.2 
More than 24 months ago 36.7 


Data from Tables 67 through 78 can also be used to calcu- 
late similar correlations for several equipment categories; 
however, in some cases the sample size is smaller than 
desirable for adequate statistical confidence. 


COMMENTS--NORMAL MAINTENANCE CYCLE 


A detailed analysis has not been made of the ‘“mainte- 
nance, normal cycle’ data in Tables 64 and 66. It is 
possible that some interesting conclusions could also be 
drawn from an analysis of this data. 
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COST OF ELECTRICAL INTERRUPTIONS 
IN COMMERCIAL BUILDINGS 


by 


Power Systems Reliability Subcommittee Report 
Philip E. Gannon, Coordinating Author!/ 


Abstract 


An IEEE sponsored reliability survey to deter~ 
mine the cost of electrical interruptions in commer- 
cial buildings was completed in 1974, The survey 
form was 4 simplified version of forms used in 1972 
reliability study of industrial plants. The survey 
included building types and locations, and length and 
cost of electrical service interruptions. The survey 
results reflect data from 48 companies covering 
5S buildings in the United Scates. This information 
ia useful in the design of electrical systema for 
commercial buildings. 


Introduction 


Knowledge of the cost of power outages, both for nor~ 
mal and critical services, ie useful in the design of 
commercial building power systems, allowing cost- 
effective judgements to be made with respece to the 
installation of a second utility company service, an 
emergency generator, or possibly an uninterruptible 
power supply. 


During 1974, the Reliability Subcommittee of the 
Industrial and Commercial Power Systems Committee 
completed a survey of the cost of electrical tnter- 
tuptions in commercial buildings in the United Scates, 
Included in this paper are the following results: 


1 Cost of power outages to commercial buildings 
($ per KWH of undelivered energy). 


2 Cost of power outages to commercial buildings 
($ per square foot/hr and $ per employee/hr). 


3. Critical service loss duration time (length of 
time before an interruption causes a signif- 
ieant loas). 


5 Miscellaneous {tems relative to provision of 
auxiliary generators, types of electrical ser- 
vice, and other physical data. 


Survey Por 


The survey form {s shown in Appendix A (two pages). 
A simple multiple choice or single line fill-in 
form was utilized in an attempt to reduce the time 
of the responders, but still provide pertinent data 
for a meaningful analysis. 


Response to Survey 


A total of 48 companies reporting on 55 buildings re- 
sponded vo the survey with complete data. Incomplete 
data, omitting the critical outage cost information 
was received on 121 additional buildings. Unfortu- 
NMately, this data was of no value in the present 
survey, Valid data was submitted almost equally for 
buildings located in the easter, central, and western 
regions of the U.S.A,; with 43 percent of the build- 
ings in downtown areas, 17 percent in urban areas, and 
40 percent in suburban areas. Forty-six percent of 
the buildings were used 5 days per week; 39 percent, 

6 daye per week; and 15 percent, 7 days per week. 
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Survey Data Preparation 


All of the returned survey forms were reviewed. Use~ 


able data was punched onto computer cards for use in 
data processing. 


Survey Results -- Cost of Power Outages 


Each respondent was asked to report on the cost of 
power outages as follows: 


1 Dollars per failure -- 15-minute duration, one- 
hour duration, and greater than one-hour dura- 
tion; total value of lost operation including 
wages, damages for delays, loss of computer time, 
and loss of retail sales minus cost of goods not 
sold was to be included. 


2 Critical service loss duration time -~ length of 
time before an interruption causes a significant 
loss. 


3 Building maximum power demand, and usage, as well 
@s area and number of employees. 


The data made it possible to calculate the cost of 
power outages in terms of dollars per kilowate-hours 
of undelivered energy at building peak load. 
The average cost of power outages from the survey for 
the buildings surveyed is given in Table l. 

TABLE 1 


AVERAGE COST OF POWER OUTAGES 
FOR BUILDINGS IN THE UNITED STATES 


All commercial buildings $7.21/KWH not delivered 


Office buildings only $8.86/KWH not delivered 


The average maximum demand was 3,095 KW for all com 


mercial buildings reporting outage costs. The maxi- 
mm demand for the office buildings was only 3,035 Kw. 


Additional details of the cost of power outages are 
given in Tables 2, 3, and 4. The tables present addi- 
tional data including: 


1 Outage costs for "office buildings” as a function 
of duration of outage for three time periods. 


2 Effect of computers on outage costs. 


3 Relationship of outage costs to; KWH not deliv- 
ered, to cost per 1,000 square feet per hour of 
building affected, and to cost per employee per 
hour affected. 


T/ Other members of Sub-Committee: A.D. Patton Chatr- 
man; C.R, Heising, Vice Chairman; C.E. Becker; 

M.F, Chamow; W.H. Dickinson; M.D. Harris; R.T. 
Kulvicki; D.W. McWilliams; R.W, Parisian; Scaniley 


Wells 
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TABLE 2 
OUTAGE COSTS FOR "OFFICE BUILDINGS” 


AS A FUNCTION OF DURATION 
(WITH AND WITHOUT COMPUTERS) 


15-Minute Duration 


Cost/peak KW hr. 
not delivered 
Cost/1,000 sq. ft. of 
bldg. /hr. 
Cost /employee/hr. 


$ 22.22]$ 1.504$ 


not delivered 
Cost/1,000 aq. ft. of 
bldg. /hr. 
Cost /employee/hr. 


not delivered 
Cost/1,000 sq. ft. of 

bldg. /hr. 

ost/employee/hr. 


APPENDIX C 


TABLE 3 


OUTAGE COSTS FOR "OFFICE BUILDINGS" 
AS A FUNCTION OF DURATION 
(WITHOUT COMPUTERS) 


not delivered 
Cost/1,000 sq. ft. of 
bldg. /hr. 
Cost /employee/hr, 


i-Hour Duration 


Kost/peak KW hr, 
not delivered 
Cost/1,000 aq. ft. of 
bldg. /hr. 
cost/employee/hr. 


Cost/1,000 aq. ft. of 
bidg./hr. 
cost/eaployee/hr. 


TABLE 4 


OUTAGE COSTS FOR “OFFICE BUILDINGS" 
AS A FUNCTION OF DURATION 
(WITK COMPUTERS) 


eae ee 


15-Minute Duration 


Cost/peak KW hr. nor 
not delivered 

Coat/1,000 sq. ft. of 
bldg. /hr. 

Cost /employee/hr. 


i-Hour Duration 


Cost/peak KW hr. 
not delivered 
Cost/1,000 sq, ft. 

bldg. /hr 
Cost/employee/hr. 


Duration 1 Hour 


Cost/peak KW hr. 
not delivered 
Cost/1,000 sq. ft. 

bldg. /hr. 
Cost/employee/hr. 
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TABLE 5 


CRITICAL SERVICE LOSS DURATION TIME 
FOR "ALL BUILDINGS" 


Fercent of buildings 

with critical service lose 
duration less then or equal 
te the time tadicated. 


Service Loss Duration Tice 


TABLE 6 


CRITICAL SERVICE LOSS DURATION TIME 
FOR “OFFICE BUILDINGS" 


Poreeet of bulldiags 

with critical eervice less 
@urotion laze than or equal 
te the time indicated, 


Services Leos uration Tine 


TABLE 7 


RELATIONSHIP OF AUXILIARY GENERATORS 
AND SINGLE FEEDER SERVICE TO "ALL BUILDINGS" 


Buildings with 


computers 
Buildings with- 
out computers 


Survey Results ~- Critical Service Loss 
Duration Time 


The amount of time an electrical service can be inter- 
tupted before it causes significant losses is a ques~ 
tion which our profession has not been able to suit- 
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Buildings /No Auxiliary 


Generation 
and Only 


ably define. The results of che survey indicate that 
individual requirements for electrical energy are such 
that ic is probably not possible to establish a gen- 
eral critical service loss duration time. The survey 
results are shown in Tables 5 and 6. 
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TABLE § 


TYPE OF ELECTRICAL SERVICE 
TO "ALL BUILDINGS" 


Buildings 
with 


computers 
Buildings 

without 

computers 


TABLE 10 


PHYSICAL DATA -~ "OPFICE BUILDINGS” 


Area, aq. ft. x 103 


Number of floors 


Nusber of employees 


Annual usage - 
Megewatt hours 


Peak Kilowatt demand 


Thirty-six percent of "all buildings" reporcing could 
be without electrical energy for 5 minutes before the 
lack of energy was considered to be critical, while 
6 percent could be without energy for only 2 cycles 
and 3 percent for only one cycle before significant 
losses were incurred. 


Fifty percent of the “office buildings" reporting 
could be without electrical energy for 5 minutes 
before the lack of energy was considered to be criti- 
cal, while 10 percent could be without energy for only 
2 cycles, and 5 percent for only one cycle before sig- 
nificent losses were incurred, 


Precautionary measures taken to minimize critical out- 
ages in buildings where computers are installed sre 
indicated in Table 7, where 65 percent (15 of 23) of 
the buildings reporting have auxiliary generating 
wits. Only 4 percent (1 of 23) of the buildings re- 
porting have no auxiliary generation and are served by 
a aingle feeder from the utility company. A like com- 
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TABLE $ 


PHYSICAL DATA -- "ALL BUILDINGS” 


Area, aq. ft. x 103 
Number of floors 
Humber of employees 


Annual usage ~ 
Megawace hours 


Peak Kilowatc demand 


TABLE il 


AVERAGE OF PHYSICAL DATA 
FOR "ALL BUILDINGS" 
AND FOR "OFFICE BUILDINGS" 


Office 
Butidings 


Megawatt hours/],000 aq. ft, 
of buildings area/year 


Megawatt hours/employee/year 


Peak Kilowatt dezand/1,000 aq. 
fr. of building area 


Peak Kilowatt demand/employee 


Employees /1,000 aq. ft. of 
building area 


parison is shown for buildings not having computers; 
in these instances, 41 percent of the buildings have 


euxiliary generation and 22 percent are served by sin- 
gle feeders from the utility company. 


Table 8 shows the type of electrical service to sll 
buildings reporting. Eighty-seven percent of the 
buildings wich computers have network or multiple 
feeder service, while 53 percene of the buildings 
without computers have network or multiple feeder 
service, 


Survey Results -~ Densnd and Usage Data 


Bach reagpondent was asked to report gross floor area, 
mumber of floors, number of employees, and electrical 
energy veage and demand. While not directly related to 
the subject of this paper, the date 1s of interest, and 
will perhaps allow che reader to make a better judge- 
ment of the validity of the data presented previously. 
The details are given in Tables 9, 10, and ll. 
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It is believed chat the employee data for the “All 
Buildings" category may not be velid, since it appears 
that not all employees were reported for some multi- 
function buildings, the office/retail category in 
particular. 


Conclusions and Discussion of Results 


1 Cost of Power Outages (Tables 1, 2, 3, and 4) 


a There is a wide spread in the coat of power 
outages (KWH not delivered) in commercial 
buildings. Even within like types of bufld- 
inge, with or without computers, there is a 
Breat difference in the costs assigned. 


b The cost per KWH not delivered increases 
greatly when the outage duracion time exceeda 
one hour. An exception to this is buildings 
with computers. 


It is probable that for outages of less than 
one hour, employees may remain partially pro- 
ductive and the temperature of their environ- 
ment remains tolerable. For longer outages, 
employees may have to be furloughed for the 
Yemainder of the day. 


¢ The comt of power interruptions for buildings 
with computers varies from $8.89/KWH average 
for outages of 15-minutes duration to $9.81/ 
KWH for outages of greater than one hour. It 
fa suspected that the small differential ia 
due co the fact that a short duration as well 
as @ long outage rendera the computer inoper- 
able, and the employees are either non-produc- 
tive during this period or repairing possible 
damage caused by the outage. 
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d A comparison of the average costs of outages 
for commercial buildings with that for indus- 
trial plants (Reference es shown in Table 
12. The data is interpreted to mean that 
short-term outages in industrial plants could 
be more costly than those in commercial build- 
ings, while long-term outages are more costly 
in commercial buildings. 


@ Additional information on the cost of power 
outages in Sweden, Norway, and the United 
States is contained in Reference 3. 


2 Critical Service Loss Duration Time 
Tables 5 and 6) 


a As would be expected, there is a wide spread 
in the critical time of a power interruption. 
This is probebly due to the wide variations of 
type of work being accomplished, the type of 
equipment involved, and the general work envi- 
Tonment. For example, a windowless building 
in which a sensitive computer operation is 
performed would be more rapidly affected than 
a window-wall building performing normal of- 
fice functions. 


b Te is suggested that a future survey attempt 
to define the reasons for the wide variances. 


3 Demand and Usege Data (Tables 3, 10, and 11) 


a Of the "all building” deta reported, the areas 
averaged 400,000 square feet, 12 floors in 
height, with an annual usage of almost 12,000 
megawatt hours, and a demand of 3,095 KW. 
Minimum and maximum data were not available. 


TABLE 12 


COMPARISON OF AVERAGE OOSTS OF POWER OUTAGES 
IN COMMERCIAL BUILDINGS AND INDUSTRIAL PLANTS 


All commercial buildings $7,.21/KWH not delivered 


Office buildings $8.86/KWH not delivered 
Industrial plants — all $1.89/KW interrupted + 
$2.68/KWH not delivered 


The data for "office buildings" indicate aver- 
age values within 10 percent of that for "all 


buildings," except for the number of employees, 


which is 16 percent greater. 


b The average electrical usage for a1 buildings 
and for office buildings only is nearly equal 
when placed on a per unit basis (33.5 KWH/ 

Sq. Fe.) as is the peak demand (11.3 Watts/ 
Sq. Fe. to 11.5 Watts/Sq. Ft.). The relation- 
ship of usage and depand to employees does not 
correlate for all buildings and office build- 
inge only. As mentioned heretofore, the va- 
lidity of employee data with regard to the 
Office/Retail category of buildings is ques- 
tionable. On this basia, no attempt to draw 
conclusions has been wade. 
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SURVEY FORM ON COST OF ELECTRICAL INTERRUPTIONS IN COMMERCIAL BUILDINGS 
Ie INGTITUTE OF 
ELECTRICAL AND 
& ELECTRONICS 
ENGINEERS, ING. 


INDUSTRY AND GENERAL APPLICATIONS GROUP 


RELIABILITY SUBCOMMITTEE OF THE INDUSTRIAL 
& COMMERCIAL POWER SYSTEMS COMMITTEE 


Se eae eee SS SSE S SIS e iS, Please address reply to: 


» Electricity is an integral Part of A. D. Patton 

t our every day Eife. 16 dt dan't Texas A & M Universit 

+ avadlable - what is dts ceoncmic Electric Power Institute 
* edfect? Please hetp us to {ind College Station, TX 77843 
a out by filling out this form. Ege , 

1 


See ee w eee ew ne ene aoe Date 


1, COMPANY NAME (Fill in 3-letter abbreviation of name) 


2. BUILDING NO. (Fil) in sequence numer 1, 2, 3, etc. 
for builTding(s} reported on) ae 


3. BUILDING TYPE (Check type which best describes your building): 
D office 0 Office/Retail Sales D Office/Retait Sales/Apartment 
DD Retai) Sates CO other (describe) 


4. BUILDING LOCATION (Check applicable {tems}: 
) downtown; C1 Urban; DO) suburban; 
() usa: Eastern; D usa: Central; C1] USA: Western 


$. BUILDING DATA - GENERAL 


Gross Area, square feet 
Number of Floors 


Average Usage of Building: Hours/Day Days/Week 
Estimated Number of Office Employees (if any) 

Estimated Annual Retat) Sales ({f any) 

Is Auxtliary or Emergency Generation Provided: D Yes 0 No 
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SURVEY FORM - COMMERCIAL BUILDINGS IN USA Page 2 of 2 
6. BUILDING ELECTRICAL USAGE DATA 


7. 


Electrical Energy Usage for 12-month Period KWH 
Electrical Maximum Demand for this Period kw 


Type of Service: (1 Single Feeder; [7] Network; [] Multipte Feeders With 
Automatic Transfer 


TD other (explain) 


COST OF A TOTAL INTERRUPTION OF ELECTRICAL SERVICE TO YOUR BUILDING 
DURTRG PEAK PERTOO: Sest Opinion - ho interruptions have 
occurred, assume hypothetical instances) 


a) 15-Hinute Duration $ 
b} 1-Hour Duration $ 
c) Hours Duration $ 


Does a, b, or ¢ include tosses from 
an “on-line” electronic computer? C1) ves (1 no 


For “Office Buildings” toss should include wages of all employees affected, 
plus any other direct costs incurred including delays, and damage to equip- 
ment. This would include any losses from an “on-line” electronic computer. 


For “Retail Sales” cost should include estimated loss of sales minus cost 
of goods not sold, plus cost of any damage incurred. 


LENGTH OF INTERRUPTION OF ELECTRICAL SERVICE 


If there a definitive length of time before 
an fnterruption causes a significant loss? 0D Yes DD nto 


If “Yes", what fs maximum time before 
significant losses will be incurred? Hours Minutes 
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RELIABILITY OF ELECTRIC UTILITY 
SUPPLIES TO INDUSTRIAL PLANTS 


y 
Power Systems Reliability Subcommittee 
Industrial and Commercial Power Systema Committee 

A. D. Patton, Coordinating Authorl/ 


ABSTRACT 


The paper summarizes the results of a 1974 survey 
of che reliability of electric utility supplies to in- 
duetrial plants. Results include the average rates of 
occurrence and durations of power interruptions as a 
function of type of eleceric utilicy supply, This in- 
formation should help industrial plant operators choose 
the types of vlucecic utiliry supplies best suited to 
their planis. 

INTRODUCTION 

Yue cle:tric utility supply teliability survey re- 
ported here is a Followup to the 1972 survey of the ce- 
lfabilicy of electrical equipment in induserial plants. 
1,2 The 1972 survey showed that the electric utilicy 
supply is the most fallible "componenc™ of an industri- 
al plant syatem and therefore deserves careful consid- 
eration. 


Certain af the data in the earlier survey were 
subject to possible error due to misincerpretation of 
the survey form. Kence, a prime objective of the pres~ 
ent survey waa to improve the accuracy of dats on elec~ 
tric utilicy supplies. <A second objective was to pro- 
vide more detailed and definitive daca on electric 
utility supply interruption rates and average durations 
as a function of the number of supply circuits, the 
type of switching scheme, and the voltage of the sup- 
ply circuits. A third objective was to obtain data 
from a larger number of plants than in che 1972 survey 
thereby permitting interruption rates and average dura~ 
tions to be determined with greater precision. A total 
of 87 plants provided usable data, almost triple the 
number of plants providing data on electric utility 
supplies in rhe 1972 survey. Survey response broken 
down by industry is as follows: cement = 2, chemical = 
14, metal = 4, petroleum = 30, pulp and paper = 1, ruh- 
ber and plastica = 4, and other manufacturing * 32. 


It should be emphasized that eleccric utility sup- 
ply reliabilicy te a function of a number of factors 
not directly identified in che data presented here. 
Included in these reliabilicy-influencing factors are 
line exposure, weather and other environmental condi- 
efona, and utility operating and maintenance practice. 
Thus, the electric utility supply reliahility data giv- 
en in this paper represents average performance and 
should not be used in preference to specific data when 
this is available. Methods are available for computing 
the reliabilicy performance of an electric utility sup- 
Ply when che reliability performance parameters of u- 
tility syetem components are known. 


SURVEY QUESTIONNAIRE 


The survey quescionnaire requested the following 
data for each eleceric utilicy supply. 
1. Type of industry 
2. Type of electric urtlity aupply 
a. need of utility clreuirs supplying the 
— plant 
i Members of the Power Sysrems Reliabiliry Subcom 
mittee are: A. D. Patton, chairman, C. F. Becker, 
M. F. Chamow, W. H. Dickinson, P. E. Gannon, M. PB. Har- 
ris, C. R. Heising, 8. T. Kulvicki, D. W. McWilliams, 
R. W. Parisian, and S. Wells. 
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b. Mode of operation if more than one supply 
circuit: all circuit breakers normally 
closed, manual throw-over scheme, or auto- 
matic throw-over scheme : 

c. Voltage of utility circuits supplying che 


plant 

d. Type of supply circuits: overhead or 
underground 

e. A sketch of the electric urility supply 
system 


3. The period of time covered by the survey re- 
port. (Respondents were asked co limit their 
response ta the period January 1, 1968 to the 
present.) 

4. The number of interruptions to the plant due 
to loss of the electric utility supply during 
the time peried of (3). 

5. The duration of each electric urility supply 
interruption, an indication whether service 
was restored to the plant by a switching oper- 
ation or by repair or replacement of failed 
equipment, and, if known, the equipment which 
failed causing the interruption. 


Some respondents to the survey listed voltage dips 
which caused disruption of plant production as well as 
complete interruptions of electric utilicy service. 
Gther respondents commented on production disruptions 
due to voltage dips without giving details. However, 
most respondents reported only on complete interrup~ 
tions of service and chis was the intent of the survey. 
The Subcommictee feels that the sensitivity to voltage 
dips is a racher unique characteristic of each plant 
and process and chat average interruption rates includ- 
ing voltage dips would not be very meaningful. There- 
fore, all voltage dip events were removed from the sur- 
vey data leaving only those interruptions due to com- 
plete loss of electric utility service. Hence, the 
interruption rates given in the summary cables reflect 
complece loss of electric urilicy service only. If a 
plant is gensitive to voltage dips, the rate of such 
events must be added to the reported interruption rates 
to obtain the total rate of production disruption due 
to utility supply troubles. 


Almost ali respondents indicated that utility sup- 
ply circuits are overhead rather than underground. 
Hence, no effort was made to separate supplies with 
overhead and underground circuits. The data given in 
the summary cables essentially reflects overhead sup- 
Piy circuits due to the preponderance of such circuits 
in the survey Tesponae, 


Preliminary analyses of utility supply interrup~ 
tion rates by industry category indicated no signifi- 
cane differences between induatries. Further, there 
seems to be no good reason why utility supplies of the 
same type and voltage should differ between induscries. 
Therefore, che data presented in the summary tables is 
not broken down by industry. 


The survey response broken down hy oumber of 
utllity supply circuits, voltage of utility supply cir- 
cuits, and mode of operation of multiple supply circuit 
utility supplies ig given in Table I. 
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Table I 
Number of Responding Plants 
With Electric Utility Supplies 
of Various i) 


Number of Supply Circuits 


1 circuit - 20 plants 
2 circuits - 56 plants 
3 or more circuits ~ 12 plante 
Supply Circuit Voltage 

voltage < 15 KV ~ 22 plants 
15 KV < voltage < 35 KV - 1? plants 
voltage >35 KV - 48 plants 


Switching Scheme of Multiple Circuit Supplies 


all breakers closed ~ 45 plants 
manual throwover - -9 plants 
automatic throwover - 13 plants 


Table I shows that two-circuit supplies are the most 
common among the responding plants. A much smaller 
number of plants reported three or more supply cir- 
cuits. All multiple-circuit supplies are combined in 
the data tables which follow because such supplies are 
expected to have similar interruption rates and be~ 
cause of the relacively small sample of supplies with 
three or more circuits. Responses have been broken 
into three voltage categories corresponding roughly to 
distribution voleages, subrransmiasion voltages, and 
transmission voltages. This was done because electric 
utility design and operating practice is rather dif- 
ferent ac these three function levels. Hence, it can 
be expecced that utility supply reliability will be a 
function of the system level at which service is pro~- 
vided. 


Table I indicates that about two-thirds of the 
responding plants having multiple circuie utility sup- 
plies operate with all circuit breakers closed. That 
ig, service is supplied simultaneously over all supply 
circuits. Service may also be lost, however, by fail- 
ures in the pliant substation or by a widespread failure 
in the supplying utility's system. Plants having 
throwover schemes operate with a single circuit pro- 
viding normal service. Thus, such plants suffer an 
interruption any rime the normal supply circult fails. 
The duracion of interruption to such plants is usually 
limited co the time required ro reclose che normal 
supply circuit or to switch to the alternate supply 
circuit if the normal circuit is permanently faulted. 


Table II summarizes interruption rate and average 
interruption duration data for single-circuic utility 
supplies broken down by voltage level. Interruption 
rates and average durations are given separately for 
interruptions reported terminated by utility switching 
operations and by repair or replacement of tailed com- 
ponents. Also given are overail interruption rates 
and average durations. 


Tables [II and IV show interruption rares and 
average durations for multiple circuit utility supplies 
broken down by switching scheme and by volcage level. 
Table V shows interruption rates and average durations 
for multiple-circuit utility supplies which operate 
with ali circuit breakers closed broken down by voir- 
age levels. Similar breakdowns by voltage for throw- 


over switching schemes were not possible due to lack of 


an adequate data base. 


Interruption rates and average durations ate given 


in Tables Tl through V tor interruptions where service 
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is restored by: (a) some avitching operation or se~ 
quence of switching operationa in the electric utility 
system, and (b) repair or replacement of components 
which failed in the electric utility system. If serv- 
ice can be restored by some automatic or manyal switch- 
ing action in the electric utility system, whether re- 
mote or within the utility switchgear at the plant, in- 
terruptions are usually much shorter than if repair or 
replacement of failed components is required to restore 
service. The reason for providing data on both short- 
duration switching-terminated incerrvptions and on 
long-duration repait-Cerminated interruptions is be~ 
cause of possible differences in impact on plant oper- 
attons. 


It should be mentioned here that interruption 
rates and average durations computed from a small num- 
ber of observed interruptions should be regarded as 
less accurate than those computed from 4 larger sample 
of observations. In particular, Reference [1} shows 
that interruption rates computed from an observed num- 
ber of interruptions less than about 8 or 10 may well 
ba in error by plus or minus 50 per cent or more due to 
random variations alone. 


The data of Tables I1 through V show the expected 

trends. 

(1) Utdlicy supply interruption rates are lowest 
for multiple circuit supplies which operate 
with ali circuit breakers closed and highest 
for single-circuit supplies. Tables TI and 
IIi show that the interruption rate for sin- 
gie-circuit supplies is about six times that 
of multiple circuit supplies which operate 
with all circuit breakers closed. incterrup- 
tion rates for multiple-circuit supplies 
which operate with a throwover scheme are 
comparable to those for single-circuit sup- 
plies, but tnrowover schemes have a smaller 
average interruption duration chan single- 
circuit supplies. 

(2) Interruption rates are highest for utility 
supply circuits operated at distribution 
voltages and lowest for circuits operated at 
transmission voltages. 


Direct comparisons between interruption rates de- 
termined in this survey and in the 1972 survey are not 
possible in every case, but where possible show some- 
what higher values in the present survey. Since the 
present survey is belicved to be more accurate, has a 
larger data base, and is more up-to-date, the values 
presented here are to be preterred aver those presenred 
in 1972 survey. 
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Table II 


Single Circuit Utility Supplies 


Number of 
Interruptions Interruptions Average Interruption 
Voltage Unit-years Reported* _ Per Year** _ Duration, Minutes™*_ 
Level of History Ng NR Ag R = ts tR i 
v<15KV 27.62 25 75 -905 2.715 3.622 3.5 165 125 
15KV<v<35KV 12.67 0 21 - 1.657. 1.657) - 57 57 
v> 35KV 71.16 37 60 -527 -843 1.370 1.5 59 37 
all 111.45 62 156 -556 1.400 1.956 2.3 110 79 
Table III 
Multiple Circuit Utility Supplies 
All Voltage Levels 
Number of 
Interruptions Interruptions Average Interruption 
Switching Unit-Years Reported Per Year Duration, Minutes 
S 
cheme ef History Ns NR 4s R ® Ts 5 
all breakers 246.17 63 14 +255 -057 -312 8.5 130 31 
closed 
man. throw- 42.33 31 5 «732 -118 -850 8.1 84 19 
over 
auto. throw- 64.36 66 ll 1.025 -171 #1.196 0.6 96 14 
over 
all 352.86 160 30 +453 -085 -538 5.2 110 22 
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Voltage 


Level 


v<i5kKV 
15KV<v< 35KV 


v>35KV 


Voltage 
Level 


v<15KV 


1SKV<v<35KV 


v> 35KV 


Unit-Years 


of History 


81.31 
78.00 


193.55 


Unit-Years 
History 


45.61 
52.61 


147.95 


Table IV 


Multiple Circuit Utility Supplies 
All Swiching Schemes 


Number of 
Interruptions 
Reported 

Rs "rs 
52 12 640 
39 5 -500 
69 13 -357 

Table V 


Interruptions 
Per Year 


Multiple Circuit Uritity Suppiies 
All Circuit Breakers Closed 


Number of 
Interruptions 
Reported 
Ng NR 
8 4 
18 1 
37 9 


Interruptions 
Per Year 
r x 
‘s “R 
175 088 
+342 O19 
-250 -061 


Average Interruption 
Duration, Minutes 
— 7 *R : 
-788 4.7 149 32 
564 4.0 115 17 
-424 6.1 184 34 


Average Interruption 
Duration, Minutes 


*s FR 

0.7 335 112 
7.0 120 13 
11.0 203 49 


*N_ and N are, respectively, the mumber of service interruptions terminated by switch- 
ing and by repair or replacement. 


**Interruption rates and average durations subscripted S and R are, respectively, rates 
and durations of interruptiona terminated by switching and by repair or replacement. Un- 
subscripted rates and duration are overall values. 
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Abstract—The Power Systems Reliability Subcommittee of the 
IEEE Industry Applications Society has been conducting surveys 
of the reliability of electrical equipment in industrial plants and com- 
mercial buildings. Switchgear bus was included in a previous survey 
published in 1973 and 1974 [1] and generated some controversy con- 
cerning bare and insulated bus. For this reason, and also for an ongoing 
effect to continually update the 1973 and 1974 survey [1], switchgear 
bus reliability has been investigated in a new survey in 1977, and the 
results are presented. Reference is made to a paper (2] given at the 
1977 Industrial and Commercial Power Systems Technical Conference 
on reasons for conducting the new survey, 


INTRODUCTION 


URRENT reliability data on failure rate of electrical equip- 

ment can provide a valuable tool for the power systems 
designer or planner. These data can also be a valuable tool for 
the manufacturer of the equipment concerned. 

Many parameters were included in this new survey in an 
effort to uncover the most influencing factors on the reliability 
of bare bus and insulated bus and to allow any new obvious 
and significant applications considerations to be identified. 
The questionnaire submitted was condensed to a practical and 
useful form to obtain optimum response in as short of time 
period as possible. 

Results of the survey are presented in tabular form, and 
discussion is included primarily where adequate response and 
population data were obtained. Many questions and uncertain- 
ties still exist, and the intent of the following presentation is 
to report the results of the survey with some discussion, but 
drawing of definite conclusions is left to the reader. 


SURVEY FORM 


The questionnaire form (Fig. 1) and cover letter used in the 
survey are included in the Appendix. Total populations data 


Paper ISPD approved by the Power Systems Protection Committee 
of the IEEE Industry Applications Society for presentation at the 1978 
Industrial and Commercial Power Systems Technical Conference, 
Cincinnati, OH, June 5-9. Manuscript released for publication October 
25, 1978. 

The author is with El Paso Natural Gas Company, El Paso, TX 
79978. 

1 Other members of the subcommittee are Phillip E. Gannon 
(Chairman), J. W. Aquilino, Carl E. Becker, W. H. Dickinson, Bruce 
Douglas, Ian Harley, C. R. Heising, Don Kilpatrick, D. W. McWilliams, 
R. N. Parisian, A. D. Patton, Dr. Chanan Singh, Wayne L. Stebbins, 
Hayold T. Wayne, and Stanley J. Wells. 
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categorize information into major areas of application. An area 
of primary concem is maintenance because of its obvious rela- 
tion to failure rate. However, this is the most difficult datum to 
obtain in complete and uniform format for meaningful results. 
Responses in this survey did not permit these results to appear, 
partly due to the respondents’ failure to submit information 
and partly due to the survey format. 

Failed unit data were requested in the form shown in the 
second portion of the questionnaire. The major categories are 
causes of failure, types of failure, duration of failure, and 
failed components. This form is less extensive, but more 
specifically oriented for switchgear bus than in 1973 and 1974 
survey [1]. 


SURVEY RESPONSE 


Table I summarizes the survey response including number 
of buses, companies, and plants. In this survey, bus “unit-year” 
is defined as the product of the total number of switchgear 
connected circuit breakers and connected switches reported in 
a category times the total exposure time. In the previous 
survey, the unit-year did not include the number of connected 
switches; that is, only the connected circuit breakers were 
counted, Table II shows the 1973 and 1974 [1] survey and is 
included for comparison of responses. The total number of 
plants in the new survey response is considerably greater than 
in the 1973 and 1974 survey, but it is interesting to note that 
unit-year sample size is slightly less. Also some discrepancy 
appears in the total number of failures reported in Table 1 and 
those of some subcategories in tables to follow. This is due to 
all companies not responding to every category. 


SURVEY RESULTS 
Insulated and Bare Bus 


A major controversy emerged in the results of the 1973 and 
1974 survey [1] concerning bare and insulated switchgear bus. 
Insulated bus, 601-15 000 V, showed a higher failure rate than 
bare bus, above 600 V, but data were heavily influenced by 
the chemical industry. The new survey shows the opposite of 
this, as seen in Table I, with less chemical industry influence. 
Bare bus, above 600 V, shows a relatively high failure rate, but 
the sample size is not large, thus making this observation some- 
what questionable. With more companies responding in the 
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Company Name and Plant: 


Industry Type: 


Period Reported - From: Nonth Year 
To: Month Year 
Plant Climate: Temperature Relative Humidity 


Contamination Level and Type: 


Total Population: 


Failed Component 
and Material 


Fig. 1. Switchgear bus reliability survey for metalclad and metal 
enclosed switchgear bus. 
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new survey but with less overall unit-year sample size, the 
failure rate for all bus shows to be slightly higher than in the 
previous survey. But on breaking this down further, bare bus 
failure rate is higher and insulated bus failure rate is lower in 
the new survey. 

Table I shows the chemical industry data broken out since 
it is believed to be a major contributor in the controversy of 
the 1973 and 1974 survey [1]. In the new survey the chemical 
industry dominated the number of failures in each category, 
but did not dominate sample sizes. This supports the argument 
of some that bus utilized in the chemical industry should have 
a relatively high failure rate, especially in the use of bare bus. 

Table I also shows median outage duration time after a 
failure of each category, in hours per failure. It is important to 
emphasize that these data are based on many factors, and 


iEEE 
Std 493-1997 


without sufficient supplement from respondents concerning 
operating procedures, maintenance type, spare parts inventory, 
etc., the data relate to a very general or all-inclusive type of 
information. 


Grounding Type 


Survey results are shown in Tables III-V. Inadequate response 
and the general nature of the questionnaire format prohibit 
sufficient results for this category. [t is believed that grounding 
type related to failures is important data, but data should be 
specific, for example, in types of failures in ungrounded sys- 
tems and in impedance value of impedance grounded systems. 
This category may be pursued in greater detail in the next 
survey. 


TABLE I 
SWITCHGEAR BUS: INDOOR AND OUTDOOR 
NUMBER NUMBER OF NUMBER SAMPLE NUMBER OF FAILURE RATE MEDIA} HOURS 
OF PLANTS IN OF SIZE FAILURES EQUIPMENT FAILURE DOWNTIME PER 
COMPANIES SAMPLE-SIZE BUSES UNIT-YR_ REPORTED INDUSTRY SUB-CLASS PER UNIT-YEAR FAILURE 
39 56 444 $1391 54 ALL ALL 001050 28 
INSULATED 
28 36 245 24855 28 ALL ABOVE 600V -001129 28 
BARE 
25 35 199 26592 26 ALL ALL VOLTAGES 2000977 28 
ARE 
17 23 132 22420 18 ALL 0-600V 000802 27 
BARE 
14 18 67 4172 8 ALL ABOVE 600V 001917 36 
PETROLEUM INSULATED 
14 19 92 7425 is CHEMICAL ABOVE 600V ~002020 40 
PETROLEUM BARE 
ll 13 135 7002 18 CHEMICAL ALL VOLTAGES ..902570 28 
PETROLELM BARE 
10 ll 83 4707 13 CHEMICAL 0-600V 002761 22 
PETROLEUM BARE 
7 a 52 2295 5* CHEMICAL ABOVE 600V * 48 
* Small sample-size. 
TABLE Il 


RESULTS OF PREVIOUS SURVEY PUBLISHED IN 1973 AND 1974 [1] 
SWITCHGEAR BUS: INDOOR AND OUTDOOR 


NUMBER OF SAMPLE NUMBER OF FAILURE RATE ACTUAL HOURS DOWNTIME/FAILURE 
PLANTS SIZE FAILURES EQUIPMENT FAILURES PER INDUSTRY MINIMUM MEDIAN MAXIMUM 
SAMPLE-SIZE (UNIT-YEAR) REPORTED INDUSTRY SUB-CLASS  UNIT-YEAR AVERAGE PLT. AVG. PLT. AVG. PLT. AVG. 

INSULATED 
12 11740 20 ALL 601-15000V___—0.. 001700 261 5 26.8 1613 
BARE 
12 32280 11 ALL 0-600V. 9.000340 $50 2 24 2520 
BARE 
5 20560 13 ALL >600V 0.000630 17.3 6.9 13 48 
PETROLEUM INSULATED 
5 4003 15 CHEMICAL 601-15000V___— 0.003750 340 18 26.8 1613 
PETROLEUM BARE 
3 17270 10 CHEMICAL _>600V 0.000580 19.3 6.9 42 48 
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TABLE II 
TYPE OF GROUNDING OVERALL, BUS INSULATED AND 
BUS BARE 


LL ay 
NOT 
UNGROUNDED  SOLID-GROUND _ IMPEDANCE-GROUND REPORTED TOTAL 


(Unit-Year) 
Sample-Size 20262 9787 17280 4062 51391 


# FAILURE 17 12 23 Phd $4 


FAILURE RATE .000839 -001226 001331 : .001050 
* Small sample size. 


TABLE IV 
BUS INSULATED 
NOT 
UNGROUNDED _ SOLID-GROUND _ IMPEDANCE-GROUND REPORTED _TOTAL 
(Unit-Year) 
Sample-Size 4626 4274 14270 1685 24855 


# FAILURE 7 4* 16 1* z8 


FAILURE RATE 001121 - .001126 
* Small sample size. 


TABLE V 
BUS BARE 
NOT 
UNGROUNDED SOLID-GROUND _IMPEDANCE-GROUND REPORTED _ TOTAL 
(Unit-Year) 
Sample-Size 15636 5513 3010 2377 26536 


# FAILURE 10 8 t ba 1* 26 


FAILURE RATE _.000640 001451 .000980 
* Small sample size. 
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TABLE VI 
AVERAGE AGE OF SWITCHGEAR BUS 
ALL INSULATED BARE 
AGE 1-10 yrs. 6526 unit-year 1899 unit-year 4627 unit-year 
>10 yrs. 44596 unit-year 22887 unit-year. 21709 unit-year 
Age of Bus 


Tables VI-VIH illustrate how failures of insulated and bare 
bus relate to age in this survey. An interesting observation here 
is that newer bus appears to experience a higher failure rate 
than older bus. This might be expected if one considers 
improper installation, new components failure rate, type of 
construction of new switchgear, etc. As discussed below under 
“causes” of failures, the logicality of this observation is not 
consistent. 

As incoming data were analyzed, it became apparent that 
the period reported (it was assumed that the period reported 
was the period of best kept records) and the age of bus did not 
correlate as well as expected in every case, a fallacy in the 
questionnaire format perhaps. Note that the older bus sample 
size is much larger. 


Indoor and Outdoor Bus 


The results of this category are summarized in Tables IX-XI 
below. Table XI shows an overall result of outdoor bus failure 
rate versus indoor bus failure rate. Outdoor bus shows a higher 
failure rate than indoor bus, an observation not too surprising. 


Failure Duration 

Failure duration results are reported in Tables XI and XIII 
below and categorized into repair on a round-the-clock emer- 
gency basis and repair on a normal working hour basis. This 
adds more meaning to the data in Table [, but would be more 
meaningful if repair methods were known, Urgency of repair 
as shown in Table XIV reveals that most repairs were made on 
an emergency basis. The data of these tables compare very 
favorable with those of the previous survey. 
Type of Maintenance 

Response was disappointingly low in this category and results 
are presented in Tables XV and XVI. The tables show results 
of maintenance cycles and time since last maintenance in three 
groups: 1) less than 12 months, 2) 12-24 months, and 3) more 
than 24 months, This is a very important category regarding 
teliability, and hopefully the next survey will produce better 
results. 


Causes of Failures 

Primary and contributing causes of failures are summarized 
in Tables XVII and XVHI. As might be expected inadequate 
maintenance is a large contributor to failures. This does not 
necessarily follow from the observation above on age of bus. 
However, defective components are a large primary cause of 
failures, which is logical for new installations, Correlation 
between the two tables beiow is clearly evident from the con- 
tributing cause of exposure to contaminants and the primary 
cause of inadequate maintenance. Exposure to contaminants, 
which includes dust, moisture, and chemicals, also supports 
the data showing outside bus with a relatively high failure rate. 
Inadequate maintenance was reported as the single largest 
primary cause of failures in the 1973 and 1974 survey [1]. 
This prompted the effort to survey type of maintenance in the 
new survey. 
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TABLE VII 
NUMBER OF FAILURES VERSUS AGE 


ALL INSULATED BARE 
AGE 1-10 yrs. 1s 5* 10 


>10_yrs. 37 23 14 
* Small sample size. 


TABLE VHI 
FAILURE RATE (FAILURE PER UNIT-YEAR) 


ALL INSULATED BARE 


AGE 1-10 yrs. 002298 © -002161 


>10 yrs. .000829 _—.001005 000645 
* Small sample size. 


TABLE IX 
SWITCHGEAR BUS INSULATED 


QUTDOOR INDOOR 


Ssmple-Size 

Unit-Year 4275 20356 
FAILURE 7* 19 
FAILURE RATE * -000933 


* Small sample size. 


TABLE X 
SWITCHGEAR BUS BARE 


QUTDOOR INDOOR 


Sample-Size 
Unit-Year 2750 22339 
FAILURE & 1) 


FAILURE RATE .002909 -000492 
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SWITCHGEAR BUS (OVERALL) 


OUTDOOR 
Sample- Size 
Unit-Year 7825 


FAILURE iS 
FAILURE RATE  .001917 


TABLE XII 


INDOOR 
42695 
30 
-000703 


FAILURE DURATION: ROUND CLOCK VERSUS NORMAL HOUR 
(HOURS DOWNTIME PER FAILURE) 


FAILURE 

REPAIR BUS INSULATED BUS BARE 

URGENCY MEDIAN AVERAGE MEDIAN AVERAGE 

ROUND CLOCK 24 hr. 87 hr. 32 hr. 39 hr. 

NORMAL HOUR 240 hr. 430 hr. 24 hr. 154 hr. 
TABLE XIII 


FAILURE DURATION: ROUND CLOCK VERSUS NORMAL HOUR 
(HOURS DOWNTOWN PER FAILURE) 


BUS INSULATED BUS BARE 
ROUND NORMAL ROUND — NO 
CLOCK HOUR CLOCK _ HOUR 
25 PERCENTILE 8 hr. hr. Shr. 4 hr. 
50 PERCENTILE 24 hr. 240 hr. 32 hr. 24 hr. 
78 PERCENTILE 48 hr. 350 hr. 48 hr. 48 hr. 
TABLE XIV 
FAILURE REPAIR URGENCY 
ROUND NORMAL SCHEDULE 
CLOCK HOUR LATER 
BUS INSULATED 64% 28% 8% 
BUS BARE 53% 41% 6% 
TABLE XV 


NUMBER OF SWITCHGEAR BUS-INSULATED FAILURES VERSUS 
MAINTENANCE CYCLE 


LESS THAN MORE THAN 
12 MO, 12-24 MO. 24 MO. 
Sample-Size 
(Unit-Year) 3563 8812 7253 
# FAILURE 2* 13 6* 
FAILURE RATE - .001475 


* Small sample size. 
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TABLE XVI 
NUMBER OF SWITCHGEAR BUS BARE FAILURES VERSUS 
MAINTENANCE CYCLE 

LESS THAN MORE THAN 

12 MO. 12-24 MO. 24 MO. 
Sample-Size 
Unit-Year 980 10,455 6312 
# FAILURE 2° 12 4* 
FAILURE RATE - .001147 “ 


* Small sample size. 


TABLE XVII 
SUSPECTED PRIMARY CAUSE OF FAILURE 


BUS BUS 
INSULATED BARE 


264 17\__ 1. Defective Component 

as 4\__2. Improper Appiication 

tA St _3._ Improper Handling 

7 1384. Improper Installation 

igt 22% 5S. Inadequate Maintenance 

x 18% 6. _ Improper Operating Procedure 
11% 4% 7, Outside Agency - Personnel 
268 : 8. Outside Agency - Other 

- 13%_ 9. _Qverneating 


TABLE XVI 
CONTRIBUTING CAUSE TO FAILURE 


pus bus 
INSULATED BARE 
$88 =. Thermocyeling 


AL S\_2. Mechanical Structure Failure 


68h - 3. Mechanical Damage From Foreign 
Source 


1S% 4. Shorting By Tools oF Metal 
Octs 


nN - S. Snorting By Snakes, Birds, 
Rodents, etc. 
108 4% 6. Mel function of Protective Device 
4% «7. Improper Setting of Protective 
Device 
3t : 8. Above Notmal Ambient Temperature 


4 1549. Expasure to Chemical or Solvents 


we 1S¥_ 10. Eaposure to Moisture 


10% 19412. Exposure to Dust ot Other 
Contaminants 


6.68 - t2. Exposure to Non-Electrical Fire 
or Burnin, 


: BL_13. Obstruction of Ventilation 
108 4$_ 14. Normal Osterioration from Age 


34 4815, Severe Weather Condition 


: 4% 16. Testing Error 
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TABLE XIX 
FAILURE TYPE 


BUS BUS 
INSULATED BARE 


57% 33% 1. Short L-G 


40% 60% 2. Short L-L 


- 7% 3. n 
34 - 4, Other 
Failure Type 


The survey results on types of faiiures, shown in Table XIX, 
show a surprisingly high percentage of failures line-to-dine. 


GENERAL DISCUSSION 


At this point it is weil to note the confidence intervals of 
failure rate for bare and insulated bus. Table XX shows the 
limits for a 90 percent confidence interval. The table Rlustzates 
the statéstical limits within which 90 percent of the failures 
could be expected to occur 

Lack of specific details limits the integrity of rome data. 
and as previously indicated not ali categories surveyed were 
reported in this paper. due primarily to small sample sizes and 
numbers of failuces. As with most surveys, accurate data com- 
dined with iacge response are difficult to obtain since response 
definitely retates to simplicity in questionnaire format. Data of 
the effect of maintenance on faiture rate are highly desirable 
for obvious reatons, and effort will be made to acquire this 
data in the future in a meaningful and usable form. 


TABLE XX 


CONFIDENCE INTERVALS FOR FAILURE RATE A 


FAILURE RATE (A) INSULATED BARE BS PARE BUS 
FAILURE PER UNIT-YR BUS >600V > 600V < 600V 


000779 -000988 000521 


001129 2001917. 000802 


.001569 -003488 001203 


§ DEVIATION - L 31% 50% 35% 
& DEVIATION - U 3% 828 50% 


* Upper and iower limits of 90 percent confidence interval for A 
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APPENDIX 


A. D, Patton 

Texas A & M University 

Department of Electrical Engineering 
College Station, Texas 77843 


Dear Sir: 


RE: Switchgear Bus Reliability Survey for Metalclad and Metal 
Enclosed Switchgear 


The Reliability Subcommittee of the Industrial and Com- 
mercial Power Systems Committee requests your cooperation 
in a survey to determine the reliability of metal-clad and 
metal-enclosed switchgear bus in industrial plants. The survey 
is a follow-up to the general reliability survey of plant equip- 
ment in 1971 and is intended to provide more meaningful data 
on switchgear bus. Attached for your information is a report 
by the subcommittee on reasons for the survey. 

The results of the survey will be published in an IEEE paper 
and are expected to be of value to system planners and designers 
in the reliability evaluation of alternatives. Individual responses 
will be held in confidence and only summaries published. 


SURVEY INSTRUCTIONS 


It is hoped that the survey form is reasonably self-expiana- 
tory. Nevertheless, a sample filled-out data sheet is attached 
for your guidance, and some brief instructions follow. We wish 
to emphasize that all requested data are important, but it is 
realized that some of the requested information may be un- 
known. In such cases, simply provide the information which is 
known and leave the other spaces blank. We also encourage 
you to provide explanatory comments on any of your data as 
you feel appropriate. If additional data sheets are needed, 
please duplicate the data sheet provided. 


General Data 


1) It is vitally important that the period reported be given. 
2) The plant climate and contamination data should be 
your general estimates of the requested information. 


Total Population Data 


1) Using the total population ‘data block, give requested 
data for all buses in service during the period reported 
whether or not failures have been experienced. (Note the 
period reported may not exceed the age of a bus. Use 
separate data sheets for newer busses.) 

2) It is vitally important that the number of connected cir- 
cuit breakers and switches be given for each bus. 


Failed Unit Data 


}) List each bus failure event separately. 

2) Identify the bus in each failure event by specifying the 
bus number as assigned in the total population data 
block. 

3) Specify failure cause and contributing cause, where 
known, using the code numbers on the attached sheet. 

4) Specify months since bus was last maintained. 

5) Check off urgency of restoration effort. 

6) Specify time in hours from onset of failure until bus was 
restored to service. 

7) Describé component which first failed, including com- 
ponent material. 
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Our schedule dictates that responses be received no later 
than April 1, 1977. Your participation in this project will be 
greatly appreciated. 


Sincerely, 


A. D. Patton 
Chairman, Reliability Subcommittee 


SURVEY QUESTIONNAIRE 


Primary Cause of Failure: 


1) defective component, 

2) improper application, 

3) improper handling, 

4) improper installation, 

5) inadequate maintenance. 

6) improper operating procedures, 
7) outside agency —personnel, 

8) outside agency—other, 

9) overheating. 


Contributing Cause to Failure: 


1) persistent overloading, 
2) transient overvoltage, 
3) overvoltage, 
4) thermocycling, 
5} mechanical structural failure, 
6) mechanical damage from foreign source, 
7) shorting by tools or metal objects, 
8) shorting by snakes, birds, rodents, etc., 
9) malfunction of protective device, 
10) improper setting of protective device, 
11) above normal ambient temperature, 
12) betow normal ambient temperatures, 
13) exposure to chemicals or solvents, 
14) exposure to moisture, 
15) exposure to dust or other contaminants, 
16) exposure to non-electrical fire or burning, 
17) obstruction of ventitation, 
18) normal deterioration from age, 
19) severe weather conditions, 
20) loss or deficiency of cooling medium, 
21) testing error. 


Comments: 


REFERENCES 


{1] IEEE Committee Report, “Report on reliability survey of indus- 
trial plant,” /EEE Trans. Ind. Appl., Mar./Apr., July/Aug., and 
Sept./Oct., 1974. (Part 1—Reliability of electrical equipment; Part 
3—Causes and types of failures of electrical equipment, the 
methods of repair, and the urgency of repair; Part 5—Plant climate, 
atmosphere and operating schedule, the average age of electrical 
equipment, percent production lost, and the method of restoring 
electrical service after a failure; Part 6—Maintenance quality of 
electrical equipment.) 

[2] IEEE Committee Report, “Reasons for conducting a new relia- 
bility survey on switchgear bus-insulated and switchgear bus-bare,” 
Industrial and Commercial Power System Tech. Conf., May 1977, 
Conf. Rec., p. 91-95. 
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Working Group Procedure for Conducting an Equipment Reliability Survey 
By 
Power Systems Reliability Subcommittee 
Power Systems Technology Committee 
Industrial Power Systems Department 
Industry Applications Society 


Procedure 1 
Compiled Dec. 8, 1980; Approved May 4, 1981 
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Scope: 


WORKING GROUP PROCEDURE FOR 
CONDUCTING AN EQUIPMENT RELIABILITY SURVEY 


POWER SYSTEMS RELIABILITY SUBCOMMITTEE 
POWER SYSTEMS TECHNOLOGY COMMITTEE 
INDUSTRIAL POWER SYSTEMS DEPARTMENT 
IEEE INDUSTRY APPLICATIONS SOCIETY 


Conduct an equipment reliability survey of industrial plants and 
commercial buildings. Keep anonymous the names of those who submit 
data. Do not collect the equipment manufacturer's name. Publish 

an IEEE Working Group report. Collect data that may be included in 
future versions of IEEE Standard 493-1980, "IEEE Recommended Practice 
for the Design of Reliable Industrial and Commercial Power Systems". 
This will include failures, population and unit-years, outage 
duration time after failure, and other information that are con- 
sidered important. 


Review Approval: The final IEEE Working Group report must be approved before 


Steps: 


publication by the Chairman, Power Systems Reliability Subcommittee 
and anyone else that he delegates. Other members of the Power Systems 
Reliability Subcommittee may ask to review the IEEE Working Group 
report before the Chairman and/or his delegates give their approval, 
but they do not have a veto over what jis published. 


1. The Power Systems Reliability Subcommittee (PSRS) will determine 
the equipment category to be surveyed. 


2. The PSRS Chairman wil] appoint a Working Group Chairman. The 
Working Group Chairman (WGC) will select the members of the 
Working Group, subject to approval by the PSRS Chairman, 
Usually the WG will include a WGC from a previous survey 
who is familiar with conducting a reliability survey. It is 
expected that the WGC will do the most work, including survey 
preparation, data collection, data analysis, and will be the 
coordinating author of the final report and will present the 
report at an IEEE technical conference. The PSRS Chairman 
will compile a budget and submit it to IAS for approval. 


3. The WGC will compile a schedule for steps 4 through 15. 


4. The WGC will review previous reliability surveys (AIEE 1962 and 
IEEE 1973/1974, etc.) on this equipment category, if available, 
and will canpile a report summarizing previous survey results 
and why the new survey is being conducted. This report wil] be 
used in the survey and will be sent out with the survey form to 
the prospective participants. In some cases in the past this 
report has become an IEEE paper at an IEEE conference {but this 
is not encouraged). 
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10. 


11. 


12. 


13. 
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The WGC will compile a draft form for the survey and will send it 
to the members of the WG. In general the new suryey will be a 
refinement of the previous version, geared to resolving questions 
raised by the past surveys. He will compile a second version, 
third version, etc. as necessary and develop a final form in- 
corporating comments received from Working Group members. 


The WGC will ask all members of the PSRS: 1) if they wish to 
review the final form and, 2) if they wish to review the final 
WG report after the survey is completed. He will send copies 
to those who request it and should request comments back within 
twelve days. 


The final form should be approved by the PSRS Chairman and those 
he has delegated. However, responses that take longer than two 
weeks may be considered "approval by default". 


The WGC will have the material for the survey printed (cover letter 
on IEEE stationery, form & definitions, reasons for survey). He will 
obtain the mailing list from the Chairman, Mailing List Working Group. 
He will review the list and augment it if appropriate. The WGC will 
buy postage stamps and send the survey material out for the survey. 
A return envelope and postage will be included and a requested 
return date will also be included.’ The WGC will keep track of 
negative, moved, or deceased responsesfor feedback to the Mailing 
List Chairman. 


A follow up letter will be sent out by the WG Chairman to al? 
participants about 8 weeks later. This always brings in additional 
responses. 


An oral pep talk (3 minutes long) should be given by WGC during a 
technical session at the I & CPS Conference (if the timing is 
convenient). 


Afterthe "cut off" date, the WGC will analyse and tabulate the 
results from the survey. (An attempt should be made to contact 
respondents for clarification of incomplete or inconsistent data 
They will be sent to the WG members for comments and suggestions 
for additional analysis and for what should go into the WG report. 


The WGC will compile a first draft WG report and will send a copy 
to the members for comments. A second draft, third draft will be 
compiled as needed. A final WG report will be compiled. 


The final WG report will be sent to the PSRS Chairman and those he 
has delegated for approval. Fourteen days will be allowed for their 
review. The final WG report will also be sent to those PSRS members 
whohave requested it in step 6, and comments should be requested back 
within twelve days. 
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14. The WG Chairman will have the approved final WG report typed on 
mode] paper for presentation at an IEEE technical conference. 
Only those who have contributed as Working Group members, or by 
commenting on the survey or report drafts’ should be listed as 
authors; the WGC will obtain written approval from each co-author 
to use their names on the report. Approval of the final report by 
those who request it to review should be adequate approval to use 
names. A copy of this paper should be sent to al] members of the 
PSRS; written discussions should be invited back from them. 
Other solicitations for discussions are also encouraged as deemed 
appropriate by the WGC om the PSRS Chairman. 


15. The WG Chairman should present the final WG report at the IEEE 
Conference. An alternate from the WG should be designated, by 
the WGC, to present the paper in his absence. 


It is believed that the total time cycle for steps 1 through 15 is 
about two years. 


Charker R.. 


Charles R. Heising 
Secretary 
Power Systems Reliability Subcommittee 


CRH:sk 
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THE ENSTITUTE OF 
ELecTRICAL AND 
Evectronics 
ENGINEERS, INC. 


INDUSTRY APPLICATIONS SOCIETY 


TYPICAL MAJOR MILESTONE SCHEDULE 
for 
EQUIPMENT RELIABILITY SURVEYS 


YEAR 1: 


1. May/June (I&CPS Conference) PSRSC Chairman appoints WG Chairman. 


2. October {IAS Conference) WG Chairman presents first draft of 
survey form to WG. 


3. November/December. WG Chairman finalizes survey form and 
obtains approval from PSRSC Chairman. 


YEAR 2: 


4. January/February. WG Chairman mails survey form to industries. 
5. March/April. WG Chairman mails follow-up letter to industries. 


6. May/dune (I&CPS Conference) WG Chairman presents a pep talk to 
Conference, outlining reasons for survey. 


7. August/September. WG Chairman evaluates data received; compiles 
first draft of report. 


8. September/October (IAS Conference) WG Chairman reviews first 
raft of paper with members of WG and PSRSC. 


9. November/December. WG Chairman prepares number of drafts 
required to satisfy need of WG. 


10. January. WG Chairman sends final draft to PSRSC Chairman for 
approval. 


11. February. WG Chairman prepares final manuscript and transmits 
for publication in I&CPS Conference record. 


12. May/June (1&CPS Conference) WG Chairman presents results of 
survey at Conference. 


Prepared by: 


Phitip annon, Chairman 
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Report of Transformer Reliability Survey — 
Industrial Plants and Commercial Buildings 


By 
J. W. Aquilino 
IEEE Transactions on Industry Applications 
Sep./Oct. 1983, pp. 858 - 866 
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Report of Transformer Reliability Survey—Industrial 
Plants and Commercial Buildings 


JAMES W. AQUILINO, MEMBER, IEEE 


Abstract—The Power Systems Reliability Sabcommittee of the IEEE 
Industry Applications Society has been conducting surveys of the 
reliability of electrical equipment in industrial and commercial power 
systems. A previous survey published in 1973 and 1974 [1] included 
data on the reliability of transformers. Some of the questions raised by 
the previous results, together with a general need for updated data, 
prompted s new survey which was conducted tn 1979. The results of 
that survey are presented in this paper. 


INTRODUCTION 


Ao reliability data on transformers, together 
with similar data on other types of electrical equipment, 
are necessary for evaluating power system reliability. Informa- 
tion of this type is often the only means of showing economic 
justification for spares, redundancy, or improved maintenance 
programs. The purpose of this 1979 transformer reliability 
survey of industrial plants and commercial buildings was 
to improve upon the results of the previous survey published 
in 1973-1974 [1] by answering some of the questions raised 
and eliminating some of the controversy created. The major 
reasons for conducting the new survey were outlined in a 
paper presented at the 1979 Industrial and Commercial Power 
Systems Technical Conference [2] . 

The most controversial items in the previous survey con- 
cerned the average outage duration time after a transformer 
failure in relation to the failure restoration method. Another 
item which raised questions was the comparatively high 
failure rate for rectifier transformers. The 1979 survey form 
was condensed considerably from the 1973-1974 version. 
Most of the items found to be of little significance in the 
past have been omitted. The remaining survey items are 
aimed at factors believed to have the most influence on the 
important transformer reliability and availability parameters, 

Another major consideration in preparing the new survey 
form was simplicity. This was intended to enable the respond- 
ent to reply with minimal effort, thereby assuring maximum 
possible response. Obviously, the condensation could only be 
carried to a certain extent before the survey results would be- 
come so general that they would be of little practical value. 

Results of the 1979 transformer survey are presented in 
this paper in tabular form. The discussion which follows under 
Survey Results attempts to expand upon some of the more 


Paper IPSD 80-7, approved by the Power Systems Technologies 
Committce of the IFEE Industry Applications Society for presenta- 
tion at the 1980 Industrial and Commercial Power Systems Conference, 
Houston, TX, May 12-15. Manuscript released for publication Vebruary 2, 
1981. 

The author was with Northrop Corporation, 100 Morse Street, 
Norwood, MA 02062. He is now with General Radio (GenRad), 170 
Tracer Lane, Waltham, MA 02154. 
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significant survey data obtained. In any survey of this type 
there will undoubtedly be some new questions raised and 
also some old questions and controversies left unresolved. 
We feel, however, that this data will be of considerable value 
to system planners, designers, and users. 


SURVEY FORM 


The form used for the 1979 survey is shown in the Appen- 
dix. As mentioned before, the Total Population form was 
condensed to include data relating specifically to transformer 
reliability. Important influencing factors were rating, voltage, 
age, and ‘maintenance. However, reporting the response to 
maintenance quality is difficult. The 1973-1974 survey asked 
the respondent to give his or her opinion of the maintenance 
quality as excellent, fair, poor, or none. It is very difficult to 
be completely objective in responding to this type of question. 
The new survey, therefore, asked for a brief description of the 
extent of maintenance performed, the idea being to enable the 
reader to judge for himself the benefits derived from a partic- 
ular maintenance procedure. The failed unit data requested is 
basically the same as that in the previous survey. The most 
important categories here are the causes of failure, the restora- 
tion method, restoration urgency, duration of failure, and 
age at time of failure. 


SURVEY RESPONSE 


The response to the survey is summarized in Tables I and 
Il. Responses were received from 25 different companies, 
and in many cases several locations within the companies 
were reported. Various types of industrial and commercial 
facilities are represented including chemical and petro-chemi- 
cal plants, steel mills, paper milis, manufacturing plants, 
and hospitals, to name a few. Similar data from the 1973- 
1974 survey are shown in Table III for comparative purposes. 
A summarized comparison between the two survey results 
appears in Table [V. Direct comparisons cannot be made in 
some instances because of changes made in the sub-classes. 
For example, the new survey broke the ratings down into 
two groups, units 300-10 000 KVA and those greater than 
10000 KVA. The ratings in the previous survey were 300- 
750 kVA, 751-2 499 kVA, and 2 500 kVA and up. 

One of the reasons for conducting this new survey was 
the need for reliability data on arc-furnace transformers. 
Unfortunately, the response to this category was very poor. 
The sample size reported was too small to obtain reliable 
results, therefore, the arc-furnace data were omitted. Hope- 
fully, the response will improve in subsequent surveys. The 
response to the latest survey did improve over the 1973- 
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TABLE | 
POWER TRANSFORMERS 1979 SURVEY 
Failure Average Average 
Rate Repair Repiacement 
Number of Unit- Number of Failures/ Tine Time 
Type Units Years Failures Unit-Year (Hours) (Hours) 
AH liquid 356.1 83.1 
filled 1814 17 996 111 0.0062 N: 60 F2 N: 39 F2 
Liquid 297.4 79.3 
300-10 000 1750 17410 102 0.0059 N: 56 F2 N: 37 F2 
kVA 
Liquid 1178.51 1921 
>10 000 64 586 9 0.0153 N: 4 F2 N: 2 F2 
kVA 
Dry 61 i 
300-10 000 159 1700 11 0.00061 N: 1 F2 N: 0 F2 
1 Small sample tize-less than eight failures. 
2 F is failures. 
TABLE il 
RECTIFIER TRANSFORMERS 1979 SURVEY 
Failure Average Average 
Rate Repair Reptacement 
Number of Unit- Number of Failures/ Time Time 
Type Units Years Failures Unit-Year (Hours) (Hours) 
All liquid 2316 414 
filled 85 $41 16 0.0190 N: 8 F2 N: 8 F2 
Liquid 16641 38.71 
300-10 000 61 644 10 0.0153 N: 3 F2 N: 7 F2 
kVA 
Liquid 2707.24 60! 
>10 000 24 197 61 0.03031 N: $ F2 N: b F2 
kVA 
1 Small sample size-less than eight failures. 
2 F is failures. 
TABLE Ill 
ALL TRANSFORMERS! 
res 
turber Actual Hours 
of Plants Downt ine/Fa i lure 
in Yurmer of Failure Rate- Min tense Median Marina 
Sample = Sample Size Failures Failures per Industry Plent Plant Plent 
Size Unit-Yesrs Reported Tedestry Un '!t-Year Average Average Awarage Average 
» 4$.210 6) ktquid Fillee - Al) . 9.0061 $29.0 2.0 219. 37a, 
x” 13,210 Ph 401-18 ,000 volts- 0.0030 iva, 2.0 49, aap. 
1 3,002 i 300-750 KYA... . 0.0037 41.0 as 10.) 336. 
16 6,040 1$ 751-2, 499 kwA,. Sas 0.0028 a7, 2.0 $4.9 840. 
u 4,936 13 2,900 YA & up... ; 0.0032 216. 24.0 0.0 40}, 
wz 1,848 rad Above 15,000 volts., . 0.0130 1076. 12.8 1260. 37a, 
1 4,97? le Ory Type; 0-15,000 vel . 9.0036 353. 0.$ 2. 229. 
J 472 ~ Rectifier; Above 600 vo} 0.0298 340 24.0 oo. oer. 
TT 4,998 4) Liquid Filled - Ald n 6.0050 338. 6.6 186, 1900. 
i2 6,838 ray $01-15,000 volrs-alt $ 0.0035 52.3 8.0 43.5 336. 
? ‘278 1a HO-750 b¥4,...... . 0.0031 19.) 3.0 4.0 120. 
1,01 i Above 1$,000 volts,... . 0.0119 670. 12.8 yo. 3600, 
2 662 16 Rectifier; Above 600 volts..... 0.0242 ars, 0.0 ans, 567. 
) 2,512 14 Ltouid Filted ~ athe... 0.0086 M4), as so. Viva. 
3 2,338 10 $01-15,000 wolts-All Sizes... 0.0043 24a, as 204, 403, 
SS 


! From IEEE Survey published in 1973-1974 [1]. 
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TABLE IV 
ALL TRANSFORMERS! 
Failure 
Rate Average Hours 
Sample Size Number of Failures/ Downtime; 
Unit-Years Failures Type Unit-Year Failure 
Power- 
1979 179% 11 Liquid Filled 0.0062 249,3 
Survey 1700 12 Power-Dry 0.00062 6 
841 16 Rectifier 0.0190 1178,7 
1$210 63 Liquid Filled 0.0041 $29 
1973/74 4937 18 Dry 0.0036 153 
Survey 672 20 Rectifier 0.0298 380 
1 Comparison of 1979 and 1973-1974 surveys. 
2 Small sample size-less than eight failures. 
TABLE V 
FAILURE RATE VERSUS AGE 
Power Transformers 
Failure Rate 
Agel Number of Sample Size Number of Failures/ 
Type (Yrs) Units Unit-Years Failures2 Unit-Year 
Liquid 
300-10 000 kVA 1-10 638 2625.5 19 0.0072 
300-10 000 KVA 11-25 715 8846.5 47 0.0053 
300-10 000 KVA >25 397 5938.0 36 0.0060 
Liquid 
>10 600 kVA 1-10 27 144.0 03 
>10000 kVA 11-25 28 283.5 3 0.02463 
>10 000 kVA >25 9 158.0 23 0.01263 


1 Age is the age at end of reporting period. 


2 Relay or tap changer faults were not considered in caiculations for failure rates or repair and replacement times. 


3 Smail sample size-less than eight failures. 


1974 survey as seen by comparing the total number of unit- 
years for both the power and rectifier transformers. Not too 
surprisingly, the largest sample size reported occurred among 
the power transformers 300-10000 kVA which totaled 
17410 unit-years. 


SURVEY RESULTS 


In Table IV it is clear that the results from the largest 
category, liquid filled power transformers, compared fa- 
vorably between the 1973-1974 and 1979 surveys. This 
table also confirms the high failure rates for rectifier trans- 
formers. Before a further discussion on the results of the 
survey, in-general, it would be worthwhile to note how the 
data compared with the controversial items in the previous 
survey. 

The total number of hours (130 h) to replace a failed 
transformer with 2 spare appeared in Table 48 of the results 
of the 1973-1974 survey, under units 601-15 000 volts 
requiring a round-the-clock all out effort, and was felt by 
many to be too high. Units that were repaired showed an 
average outage time of 342 h. The new survey shows a 
considerable variation among power transformers depending 
upon size. The higher voltage units, reported in Table 49 
of the results published in the 1973-1974 survey, showed 
an average repair time of 1842 h. This difference could be 
due to several factors, such as the transportation and han- 
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dling problems associated with the larger units and the greater 
likelihood of having spares for the smaller units on hand at 
the site. 

The results of the new survey confirmed the long replace- 
ment time after a transformer failure. The much longer times 
needed to repair a failed transformer than to replace it with 
a spare were also confirmed. The new survey also confirmed 
the fact that the failure rates for rectifier transformers are 
much higher than those for the other transformer categories. 
This may be due to severe duties or the environments to which 
they are subjected. 


AGE 


Table V contains data broken down into three age groups. 
The failure rates for power transformers 300-10 000 kVA 
were approximately equal in all three age groups. The slightly 
higher failure rates for the units aged 1-10 years, and greater 
than 25 years, can probably be attributed to the infant mor- 
tality rate and units approaching end of life, respectively. 


RESTORATION METHOD 


Tables [ and II also include data on restoration times versus 
restoration method. The data clearly indicate that the res- 
toration of a unit to service by repair rather than replacement 
results in a much longer outage duration in all cases. This 
compares favorably with the previous survey which showed 
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TABLE Vi 
FAILURE INITIATING CAUSE 


Ta eaEEAagEnaEEnennenet 


All Power Trantformers 


fo. of 5 Per- 

Failures centage 
Translent overvoltage disturbance 
(awitching surges, areing ground fault, ate...) 18 14.4 
Overheating 3 2? 
Winding Insulation breatdown 2 29.1 
Insulating bushing breshdowt 18 13.6 
Other insulation breakdown $ 5.4 
Mechenical bresking, cracking, leosening, 
abrading or deforming of static 
or structurs] parts 4 7.3 
Mechanicel burnout, friction or 
setzing of moving parts. 3 27 
Mechanically caused damage From foreign source 
(digging, veMicular accident, etc.) 3 2.7 
Shorting by tocls or other metal objects 1 ae 
Shorting by birds, smakes, rodents, etc. 3 2.7 
Hatfunction of protective relay control device 
or auxiliary device $ 4s 
Improper operating procedure 4 1.6 
Loose connectton or termination 8 r3 
Others 1 0.9 
Continuous overvoltage a i) 
Low voltage Q t) 
Low frequency a ° 


a 
1 Faiture initiating cause not specified for two failures. 


repair times considerably longer than replacement times. 
Despite this fact, in most cases, a larger number of units was 
restored to service by repair. Results such as these show the 
obvious benefits in having spares at the site or readily available. 
The data may also help system planners and users determine 
the economic feasibility of purchasing spares. In computing 
the average repair and replacement times, those instances 
in which the repair or replacement was deferred were excluded 
to avoid distorting the averages. The averages shown represent 
only those cases where restoration was begun immediately. 


FAILURE CAUSE 


Tables VI-XI summarize the causes which initiate and con- 
tribute to the failure and the suspected failure responsibility 
for both power and rectifier transformers. Tables VI and IX 
show large percentages of failures initiated by some type of 
insulation breakdown or transient overvoltages. Table IX, 
however, shows a surprisingly large percentage of rectifier 
transformer failures initiated by mechanical causes. 

Tables VII and X, which show the failure contributing 
causes, compare well with the 1973-1974 survey results. 
Normal deterioration from age contributed to a large number 
of both power and rectifier transformer failures. As in the 
past, Table VIII shows that respondents believed that manu- 
facturer defects and inadequate maintenance were responsible 
for the greatest numbers of failures of power transformers. 
Table XI shows inadequate operating procedure was also a 
significant cause of failures of rectifier transformers. 


MAINTENANCE CYCLE AND EXTENT OF MAINTENANCE 


The large percentage of failures which resulted from in- 
adequate maintenance shows the importance of accurate 
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TABLE VII 
FAILURE CONTRIBUTING CAUSE 


rr 


All Power Transformers 


te, of Per- 
Failures centage 
Persistent over toeding 1 1.1 
Abnormal temperature $ 5.5 
Exgosure to eggresstve chemicals, tolvents, 
dusts, moisture or other contaninants 14.4 
Norma! delertoration fron sge a 13.1 
Severe wind, rain, snow, steet or other 
weather conditions 4 4.4 
Lack of protective device 2 22 
Malfunction of protective device , 7.8 
Loss, deficlency, contamination, or degradation 
@f of} or other cooling medium 5] 16,0 
Improper operating procedure or testing error i 3 
tnadequate maintenance ? 7.0 
Cthers 2? #0 
Exposure to non-electrical fire or burning ° Q 


Mstructton of ventilation by fereign 
ebfect or mater tal 


e 
Improper setting of protective device 0 6 
Inadequate protective device Q 


a 


! Failure contributing cause not specified for 22 failures. 


TABLE VIli 
SUSPECTED FAILURE RESPONSIBILITY 


All Power Transformers 
Number of 
Failures! Percentage 


Manufacturer defective component or 
improper assembly 32 

Transportation to site, improper handling 1 1 

Application engineering, improper application 3 3.1 

Inadequate installation and testing 
prior to start-up 

Inadequate maintenance 

Inadequate operating procedures 

Outside agency-personnel 

Outside agency-others 

Others 


N 
ARwWaan 


-_ 


J 
an 


! Suspected failure responsibility not specified for 16 failures. 


data on the extent and frequency of the maintenance per- 
formed. The latest survey attempted to obtain this data 
in a simple form. The response did not lend itself to reporting 
in tabular form. Maintenance information continues to be the 
most difficult to obtain in useful form, not only for trans- 
formers, but for all other equipment that have been surveyed 
as well. Hopefully in the future, we will be able to devise a 
method of obtaining this data and reporting it in a manner 
that will enable systein users to establish effective preventive 
maintenance programs. 


TYPE OF FAILURE 
The 1979 survey limited the choices of failure type to 


“winding” and “other” (Tables XU and XII[}. About half 
of the failures occurred on transformer windings. 
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TABLE 1X 
FAILURE INITIATING CAUSE 


All Rectifier Transformers 
Number of 
Failures! Percentage 


Transient overvoltage disturbance (lightning, 
switching surges, arcing ground fault, etc.). 

Overheating 

Winding inszlation breakdown 

Insulation bushing breakdown 

Other insulation breakdown 

Mechankal breaking, cracking, loosening, 
abrading or deforming of static or 
structural parts 

Mechankal burnout, friction or seizing of 
moving parts 

Loose connection or termination 

Continuous overvoltage 

Mechanically caused damage from foreign 
source (digging, vehicular accident, etc.) 

Shorting by tools or other metal objects 

Shorting by birds, snakes, rodents, etc. 

Malfunction of protective relay control 
device or auxiliary devke 

Low voltage 

Low frequency 

Improper operating procedure 

Other 


13.3 
6.6 

13.3 
66 

20 


weet 


20 


13 
6 


wlecooe COO COFN & 
SCo000 FOO SAW 


1 Failure initiating cause not specified for | failure. 


TABLE X 
FAILURE CONTRIBUTING CAUSE 


AT) Rectifier transformers 


Ww. of , Per- 
Failuces centage 


Ranores] teaperetere 1 wt 


Exposure to aggressive chesicals, solvents 
Gusts, moisture or ether contantnants 1 Pe | 


Morea) deterioration fren ope 
Inadequate protective device 


Lots, deficiency, contasinatton ar degradation 
ef off or other cooling medius 


Inadequate mstntenance 

Others 

Persistent over loading 

faposure te non-electrical fire or burning 


Obstruction of ventilation by foreign 
abject or materia 


Severe wind, rain, sndu, sieet or 
ether weather conditions 


lopecper setting of protective device 

Lact ef pretective device 

Walfunction of protective device 

Jnproper eperating procedure or teating error 


EE 
1 Failure contributing cause not specified for two failures. 


-_- & 
~3 
—=— m 


eooce . 2 oorww 


FAILURE CHARACTERISTIC 


As would be expected, Tables XIV and XV show that 
about 3/4 of transformer failures resulted in removal from 
service by automatic protective devices, however, the per- 
centage requiring manual removal was significant. Increasing 
use of transformer oil or gas analysis could be a factor here. 
This would enable detection of incipient faults in their early 
stages. allowing manual removal before a large scale failure 
OCCUFS. 
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TABLE XI 
SUSPECTED FAILURE RESPONSIBILITY 


All Rectifier Transformers 
Number of 
Failures Percentage 


Manufacturer-defective component or 


improper assembly 5 31.2 
Application engineering-improper application 2 12.5 
Inadequate maintenance 2 12.5 
Inadequate operating procedures 5 31.2 
Others 2 12.5 
Transportation to site-improper handling 0 0 
Inadequate installation and testing 

prior to startup 0] 9 
Outside agency-personnel 0 Q 
Outside agency-others _o 0 

16 
TABLE XII 
TYPE OF FAILURE 
Power Transformers 
Number of 
Type of Failure Failures Percentage 
Winding 39 53 
Others 53 47 
TABLE XI 
TYPE OF FAILURE 
Rectifier Transformers 
Number of 
Type of Failure Faitures Percentage 
Winding 8 350 
Others 8 50 
TABLE XIV 
FAILURE CHARACTERISTICS 
Power Transformers 
Number of 
Failure Characteristic Failures Percentage 
Automatic removal by protective device 83 15 
Partial failure reducing capacity 5 5 
Manual removal 23 20 
TABLE XV 
FAILURE CHARACTERISTIC 
Rectifier Transformers 
Number of 
Failure Characteristic Failures Percentage 
Automatic removal by protective device Bt 69 
Partial failure reducing capacity 0 0 
Manual removal $ a3 


VOLTAGE 


Table XVI shows the failure rate for liquid filled power 
transformers broken down by voltage rating. From Table XVI 
it is evident that the failure rates for 600-15 000 volt trans- 
formers are less than those for the higher voltage units in both 
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TABLE XVI 
FAILURE RATE VERSUS VOLTAGE 


Power Transformers 


Failure Rate 


Voltage Number of Sample Size Number of Failures/Unit- 
Type (kV) Units Unit-Years Failures Year 
Liquid 
300-10 000 
kVA 6-15 1626 15778 82 6.0052 
Liquid 
300-10 000 
kVA >15 124 1637 18 0.0310 
Liquid 
>10 000 
kVA >15 $2 490 9 0.0184 

TABLE XVII 
FAILURE RATE VERSUS VOLTAGE 
Rectifier Trans’ormers 
Failure Rate 

Voltage Number of Sample Size Number of Failures/Unit- 
Type (kV) Units Unit-Years Failures Year 
All 
Liquid 6-15 65 745 15 0.0201 


size categories. The small sample sizes in several categories 
in Table XVII make it impossible to draw any definite con- 
clusions on the effect of voltage on the failure rates of rec- 
tifler transformers. 


CONCLUSION 


The purpose of this survey was to update the results of 
the 1973-1974 survey and to clarify some of the issues raised 
by those results. In general, the data obtained in the latest 
survey confirm the previous results. 

Only that data from which meaningful results could be 
obtained were included in this report. Obviously more in- 
formation was requested in the survey than discussed in 
the previous sections. The remaining data were eliminated 
either because the sample sizes were too small, because analy- 
sis showed it to have little or no influence on transformer 
reliability, or because it could not be reported in a meaningful 
way. 


APPENDIX 
December 15, 1978 


Subject: Reliability Survey for Power, Rectifier, and Arc- 
Furnace Transformers 


Dear Sir: 


The Power System Reliability Subcommittee of the Indus- 
trial und Commercial Power Systems Committee requests 
your cooperation in a survey to determine the reliability 
of power, rectifier, and arc-furnace transformers in indus- 
trial plants. This survey is part of a program to update the 
information obtained in our 1971 general reliability survey 
of plant equipment and to provide additional information 
oo rectifier and arc-furnace transformers. 
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The results of this survey will be published in an IEEE 
paper. The information obtained is expected to be of value 
to system planners, designers, and users in the reliability evalu- 
ation of various alternatives. Individual responses will be held 
in confidence and only summaries published. 


SURVEY INSTRUCTIONS 


Definitions, brief instructions, and sample survey forms 
(Figs. 1-2) are provided for guidance. We wish to emphasize 
that all requested data is important, but it is also realized that 
some of the information requested may be unknown. In 
such cases, simply provide the information that is known, 
and leave the other spaces blank. If additional survey forms 
are needed, please duplicate the forms provided. 


Definitions 


1) Failure: A failure is any trouble with a power system 
component that causes any of the following to occur: 
a) partial or complete shutdown, or below standard 
plant operation, 
b) unacceptable performance of user’s equipment, 
¢) operation of the electrical protective relaying or 
emergency operation of the plant electrical system, 
d) de-energization of any electric circuit or equipment. 
2) Failure Duration: Duration of a failure or repair time 
of a failed component is the clock hours from the time of the 
occurrence of the failure to the time when the component is 
restored to service, either by repair of the component or 
by substitution with a spare component. It includes time for 
diagnosing the trouble, locating the failed component, waiting 
for parts, repairing or replacing, and restoring the component 
to service. Jt is not the time required to restore service to a 
load by putting alternate circuits into operation. 
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Company Mame end Plant; 


Location: 


Induetry Type: 
Period Reported: From: Month Tear 


Tea Meath Year 


—__— 


TOTAL POPULATION: {Liat each traneformer by number on a separate line.) 


Extent of Maintanance 


A/ Use code from attached sheets, 


Fig. 1. Reliability survey for power, rectifier, and arc-furnace transformers. 


Beactiption of Failed 


I/ Use code from attached sheets. 
2/) Check applicable box. 


Fig. 2, Failed Unit Data: Use transformer number from total population form. 
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General Data 


1) It is vitally important that the period being reported 
be given. 

2) Indicate the general type of industry involved at the 
plant being reported, such as auto, cement, chemical, 
metalworking, petroleum, pulp and paper, textile, etc. 


Total Population Data 


1) Using the Total Population data block, give the re- 
quested data for all power, rectifier, and arc-furnace 
transformers in service during the period reported 
whether or not failures have been experienced. Data 
should be reported on only those transformers used on 
a continuous basis. Transformers which are de-energized 
for substantial periods of time should not be included. 

2) The age is the number of years from the time of instal- 
lation to the end of the period reported under General 
Data. 

3) Give a brief description of the extent of maintenance. 


Failed Unit Data 


1) List each failure separately. 

2) Transformer Number for each failure is the Transformer 
Number used on the Total Population form. 

3) Specify the age of the transformer at the time of failure. 

4) Specify the failure initiating cause, contributing cause, 
and suspected failure responsibility using the code num- 
bers on the attached sheets. 

5) Check the restoration urgency. 

6) Specify the time in hours from the onset of the failure 
until the transformer was restored to service. 

7) Describe briefly the component that failed, including the 
component material. 


Your participation in this survey will be greatly appreciated. 


Sincerely, 


J. W. Aquilino 
Working Group Chairman 


CODE NUMBERS TO BE USED WITH TOTAL 
POPULATION FORM 


Transformer Type 


1) Power 
2) Rectifier 
3) Arc-Furnace 


Subclass Type 


1) Liquid 
2) Dry 
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Location 


1) Indoor 
2) Outdoor 


Rating 


1) 300-10 G00 KVA 
2) >10 000 KVA 


CODE NUMBERS TO BE USED WITH FAILED UNIT 
DATA FORM 


Failure Initiating Cause 


1) Transient overvoltage disturbance (lightning, switching 
surges, arcing ground fault, etc.). ; 
2) Continuous overvoltage. 
3) Overheating. 
4) Winding insulation breakdown. 
5) Insulating bushing breakdown. 
6) Other insulation breakdown. 
7) Mechanical breaking, cracking, loosening, abrading, or 
deforming of static or structural parts. 
8) Mechanica! bumout, friction, or seizing of moving parts. 
9) Mechanically caused damage from foreign source (dig- 
ging, vehicular accident, etc.). 
10) Shorting by tools or other metal objects. 
11) Shorting by birds, snakes, rodents, etc. 
12) Malfunction of protective relay control device or auxili- 
ary device. 
13) Low voltage. 
14) Low frequency. 
15) Improper operating procedure. 
16} Loose connection or termination. 
17) Others. 


Failure Contributing Cause 


1} Persistent overloading. 
2) Abnormal temperature. 
3) Exposure to aggressive chemicals, solvents, dusts, mois- 
ture, or other contaminants. 
4) Exposure to nonelectrical fire or burning. 
5) Obstruction of ventilation by foreign object or material. 
6) Normal deterioration from age. 
T) Severe wind, rain, snow, sleet, or other weather condi- 
tions. 
8) Improper setting of protective device. 
9) Lack of protective device. 
10) Inadequate protective device. 
11) Malfunction of protective device. 
12) Loss, deficiency, contamination, or degradation of oil 
or other cooling medium. 
13) Improper operating procedure or testing error. 
14) Inadequate maintenance. 
15) Others. 


Suspected Failure Responsibility 


1) Manufacturer-defective component or improper assem- 
bly. 
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2) Transportation to site-improper handling. 

3) Application engineering-improper application. 

4) Inadequate installation and testing prior to startup. 
5} Inadequate maintenance. 

6) Inadequate operating procedures. 

7) Outside agency-personnel. 

8) Outside agency-others. 

9) Others. 


Failure Characteristic 


1} Automatic removal by protective device. 
2) Partial failure reducing capacity. 
3) Manual removal. 
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Report of Large Motor Reliability Survey of Industrial 
and Commercial Installations, Part I 


MOTOR RELIABILITY WORKING GROUP 
POWER SYSTEMS RELIABILITY SUBCOMMITTEE 
POWER SYSTEMS ENGINEERING COMMITTEE 
INDUSTRIAL AND COMMERCIAL POWER SYSTEMS DEPARTMENT 
TEEE INDUSTRY APPLICATIONS SOCIETY 


Abstract—The Power Systems Retlabitity Subcommitice of the IEEE 
industry Applications Society recently initiated a survey of the reliability 
of large motors fu indusirial aad commercial installations in keeping with 
Us commitment to support or update results of the survey published in 
1973 and 1974. Moreover, the new survey has emphasized and expanded 
on one type of electrical equipment only, The previous survey resulls were 
henvily biased by one class of motors in the motor category and contained 
some results that appeared uareasonable and were considered question- 
able. The results of this mew survey sre presented here and intended to 
expand failure data to additional lnflucucing categories and af the same 
Ume be oriented to the more common types in use loday. A resiriction to 
a lower fimit in size also distinguishes the results (o motors in relatively 
critical applications, A further explanation of the reasons for this survey 
and Intended results is presented ia a subcommittee report included for 
reference In the Appendix. 


INTRODUCTION 


Tre RESULTS of the 1982 survey on the reliability of 
motors in industrial and commercial installations are 
summarized in Tables I-XIX. The data obtained allowed the 
various categories to be shown here which provide failure data 
on a more expanded and detailed basis, for the most part, than 
was presented in the 1973/1974 survey results. Also compari- 
sons are made with the previous survey where results are of 
similar format. 

To focus on motors that are of a critical nature, where 
reliability is most important, this survey differs from the other 
in that only motors larger than 200 hp are considered. In 
addition, to present data on motors most commonly manufac- 
tured and used today and to avoid distorted failure data from 
old motors that are expected to have high failure rates, this 
survey has limited the age of motors to no more than {5 years. 

A brief discussion is included for each table identifying 


Paper IPSD 83-12, approved by the Power Systems Technologies Commit- 
tee of the IEEE Industry Applications Society for presentation at the 1984 
Industrial and Commercial Power Systems Conference, Atlanta, GA, May 7- 
10, (984. Manuscript released for publication May 7, 1984. 
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significant points and results of the survey. The intent of this 
working group report is to present these results as updated 
experience in industry applications, and the drawing of 
definite conclusions is left to the reader. 


SURVEY RESPONSE 


The cover letter and questionaire form used in the survey 
are included in the Appendix. The form is specifically oriented 
to motors greater than 200 hp in size and no ofder than 15 
years. As in other surveys succeeding the 1973 overall survey, 
this form is simplified into two sections: total population data 
and failure data. 

Although the response was inadequate to identify a substan- 
tial number of industry types, the number of companies and 
plants identified was encouraging and the overall response was 
considered a success. Total population is less in this survey 
than in the 1973 survey, but this was anticipated due to the 
restriction on age and size. However, the total number of 
plants in the new survey is greater which adds credibility to the 
data as being representative of industry applications. The 
following list summarizes the magnitude of the response: 


number of plants 75 
number of companies 33 
number of motors 1141 
total population (unit years) 5085.0 
total failures 360. 


Some respondents did not submit data for every category 
evidenced by the comment ‘‘not specified" in the tables. 
Where response was insufficient to identify the motor and/or 
period reported the response was not used. As in previous 
survey reports, this report maintains the standard for credibil- 
ity of failure rates by identifying categories that contain an 
insufficient number of failures to be representative. 


SURVEY RESULTS 
Summary 


Table | summarizes the results in types of motors and 
voltage classes in similar fashion to the previous survey 
summary table. The previous data have been rearranged for 
comparison and presented here as Table II. In the new survey 
there was not enough response to separate the petroleum 
industry and chemical industry or to separate out other 
industry types and still show meaningful results. 
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TABLE | 
OVERALL SUMMARY—LARGE MOTORS 
Number of Sample Number of Failure Rete Average Hours Median Houn 
Pleats in Size Failures Equipmneat “{Faibures/ Downtime/ Déwntime/ 
Sample Size (Unit Yr) Reported Industry Subclass Usit Yr) Failure Faijure 
15 5085.0 xO all all 0.0708 63 16.0 
induction 
33 1080.3 89 afl 60-1000 V 0.0824 42.5 12.0 
52 2844.4 203 ail 1001-5000 V 0.0714 754 12.0 
5 78.1 2 all 5001-15 000 V * * * 
1 13.5 _ all Not specified - - - - 
synchronous 
19 459.3 35 all 1001-5000 V 0.0762 78.9 16.0 
2 29.5 a* ali 5001-15 000 V * ° * 
wound rotor 
5 137.0 10 all 0-1000 V 0.0730 . . 
9 25b.1 8 all 1001-5000 ¥ 0.0319 . 
2 39.0 4° all 5001-15 000 V * . . 
direct current 
5 122.7 6¢ all 0-1000 V e = ° 
1 3.0 - - 1001-5000 V - - ~ 
induction 
fl 484.3 9 petrochemical 00-1000 V 0.0805 88.3 40.0 
28 1349.0 108 petrochemical 1001-5000 V 0.0801 109.4 48.0 
2 10.3 i* petrochemical SO0I-15 000 V . - _ 
synchronous 
7 73.0 8 petrochemical 1001-5000 V 0.1096 72 16.0 
wound rotor 
2 20.8 o petrochemical 90-1000 V ° _ _ 
3 17.6 3° petrochemical 1001-5000 V * - - 
* Small sample size 
TABLE I 
1973 OVBRALL SUMMARY—MOTORS 
Number of Sample Number of Failure Rate Average Hours Median Hours 
Plants in Size Faitures Equipment (Failures/ Downtimne/ Downtime/ 
Sample Size (Unit Yr) Reported Industry Subclass Unit Yr) Failure Failure 
- 42 463 56I ail ali 0.0132 111.6 - 
induction 
(7 19 610 213 all 0-600 V 0.0509 114.0 18.3 
{7 4229 it all 601-15 000 V 0.0404 76.0 915 
synchronous 
2 13 790 i0 all 0-600 V 0.0007 35.3 35.3 
1) 4276 1% all 601-15 000 0.0318 175.0 153.0 
6 558 31 all direct curremt 0.0556 37.5 16.2 
induction 
9 16105 196 petrochemical = 0-600. V 0.0122 123.4 - 
10 3834 186 petrochemical 601-15 000 V 0.0407 14.3 - 
synchronous 
1 13 750 10 petrochentical 0-600 V 0.0007 35.3 35.3 
6 4027 130 petrochemical 601-15 C00 V 0.0323 175.8 a 
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‘Response was adequate in this survey to show an intermedi- 
ate voltage class (1001-5000 V) not shown in the previous 
survey. Induction motors in the first two voltage classes show 
failures rates very nearly the same, with the lower voltage 
class slightly higher. Both are substantially higher than the 
earlier results (Table I). 

The response for synchronous motors was dominated by the 
1001-5000-V ciass, and again the new survey shows a failure 
rate twice that of the higher voltage rated synchronous motors 
in Table H. The new results show failure rates for synchronous 
and induction motors approximately equal for the same 
voltage class. The “‘petrochemical’’ industry shows a slightly 
higher failure cate for synchronous motors than for all 
industries. 

‘The new survey obtained data on wound rotor induction 
motors with results showing a failure rate only slightly less 
than induction motors of the same lower voltage class. The 
next higher voltage class has a failure rate fess than half that of 
synchronous and induction motors. 

Although the sample size for de motors was considered 
inadequate, this failure rate was the only one showing some 
consistency with the previous survey. The previous survey did 
not show a voltage class for dc motors. 

Overall, the median hours downtime per failure was 
reported as less in the new survey than in the 1973 survey. 
Again the downtime reported was biased with unusually high 
periods and the average value for each class is consistently 
higher than the median value. The overall average and median 
downtime values calculated for all categories in this table 
include the downtime data omitted in the specific categories 
with ‘‘small sample size.’’ Also, downtime for two failures 
was exceptionally and unusually high and therefore omitted 
from the results. One was reported as 960 h for an induction 
motor in the 0-1000-V class and replaced with a spare to 
restore service. The other was reported as 6570 h for an 
induction motor in the 1001~5000-¥ class and repaired during 
normal working hours. 


Horsepower 


Table Ill is presented to show a relationship of faiture rate 
with size. The response gives a good comparison between the 
first two size categories with the failure rates calculating very 
nearly the same and also approximating those in Table I 
showing voltage classes. The third size category (500 f-10 000 
hp) shows a relatively high failure rate but calculated with a 
small population in sample size. 


Speed 

Failure rate is generally considered affected by speed, but 
Table FV shows somewhat unexpected results. The highest 
speed range, essentially 3600 r/min was included in this 
survey because of the increasing popularity in industry of two- 
pole motors. These results show the highest speed motors as 
most reliable and the lowest speed as least reliable. 


Enclosure Type 


This population type was added to expand on any notable 
effects on failure rate. Table V shows that open motors 
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TABLE Ili 
HORSEPOWER VERSUS FAILURE RATE 


ooo 
—_CoesosSsmnmnmS a >>y>TT 


201-500 501-5000 5001-10000 >10000 Not 


hp hp hp hp Specified 
Sample size 
(unit-yr) 3185.6 1822.5 46.1 17.2 13,5 
Number of 
failures 217 133 10 - - 
Failure rate 
(failures/ 
unit-yr) 0.0681 0.0730 0.2169 © _ _ 

TABLE [V 
SPEED VERSUS FAILURE RATE 

0-720 721-1800 1801-3600 Not 

rimin cfimin timia Specified 
Sample size 
(unit yr) 657.1 3219.8 1194.6 13.5 
Number of 
failures 66 232 62 - 
Failure rate 
(failures/ 
unit yr} 0.1004 6.0721 0.0519 - 


experienced the highest failure rate among those with substan- 
tial sample size. Depending on the application this result might 
have been expected except the table below on causes does not 
support this result in the obvious causes of moisture and 
aggressive chemicals. It is suspected that more supporting data 
may be hidden in the relatively high response to causes 
reported as ‘‘other.'’ 


Environment 


In Table VI the survey results show failure rate as affected 
by indoor and outdoor applications. It was expected that 
outdoor motors would show a higher failure rate than indoor 
motors, but the opposite was true. This follows from Table V 
which shows open type enclosures with the highest failure 
tate. One might conclude that when all environmentally 
related causes are combined as one, they support the results of 
Tables V and VI. 


Duty Application 


This population type breaks out continuous and intermittent 
application in Table VIi. The total sample size was heavily 
dominated by continuous duty use with this category showing 
the highest failure rate at about twice that of intermittent duty. 
Some motors were reported as intermittent in a backup or 
standby role and operated only a small fraction of the period 
reported which may account partly for the targe difference in 
failure rates. 


Service Factor 


Reliability versus service factor (SF) is an important 
consideration for those who must apply motors at varying load 
conditions that sometime exceed the normal nameplate rating 
of the motors. Table VIII shows a higher failure for 1.15-SF 
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TABLE V 
ENCLOSURE TYPE VERSUS FAILURE RATE 
Totally Totally Totally Totally 
Weather Enckwsed Enclosed Enclosed Enclosed Not 
Open Protected 9 (TEFC,E.P.,D.1.P) (Open Pipe Vent) (Water-Air}  (Air-Air) Specified 
Sample size 
(unit yr) 2597.6 569.5 1339.9 40.7 119.5 332.5 85.2 
Number of 
failures 224 25 78 6* 6* 20 i* 
Failure rate 
(failuces/ 
unit yt) 0.0862 6.0439 0.0582 . . 0.0602 * 
*Small sample size. 
TABLE V1 TABLE 1X 
ENVIRONMENT VERSUS FAILURE RATE AVERAGE NUMBER OF STARTS/DAY VERSUS FAILURE RATE 
Not Not 
Indoor Outdoor Specified <1 1-10 11-30 > 30 Specified 
Sample size Sample size 
(unit yr) 3359.9 1663.8 61.3 (unit yr) 3654.8 1274.5 104.9 37.3 13.5 
Number of failures 263 97 _ Number of 
Failure rate failures 257 97 2+ 4° ~ 
(failures/unit yr) 0.0783 0.0583 - Failure rate 
(faiturefunit yr) 0.0703 0.0761 0.0191 06.1072 - 
TABLE VII *Smalt sample size. 
DUTY APPLICATION VERSUS FAILURE RATE 
TABLE X 
Not POWER SUPPLY GROUNDING TYPE VERSUS FAILURE RATE 
Continuous Intermittent Specified = 
; Solid Impedence Not 
Sample size Ground Ground  Ungrounded Specified 
(unit yr) 4412.2 659.3 13.5 
Number of failures 34 26 - 3 
Failure rate Sample ape 
(failures/unit yr) 0.0757 0.0394 as (unit yr) 2287.7 1873.9 909.9 13.5 
Number of 
failures 127 156 83 - 
Failure rate 
TABLE Vit (failures/unit yr) 0.0555 0.0800 0.0912 - 
SERVICE FACTOR VERSUS FAILURE RATE — 
Not 
aed LLSSE >LASSE Specified Average Number of Starts per Day 
This population type was expected to provide data to show 
Sample size the effects of increasing severity in duty cycle, as related to 
psaod oad * 2557.9 2316.9 102.3 109.9 stacling, on failure rate. Surprisingly, the results (Table [X) 
failures 158 197 ae H show only a slight difference in failure rate between the first 
Failure rate two categories. The response was disappointing in the last two 
(faitures/unit yr) 0.0618 0.0808 0.0391 0.3001 


*Small sample size. 


motors than for 1.0-SF motors. Under causes, overheating 
was reported as a significant failure initiator which raises the 
suspicion that exceeding temperature rises might be an 
application problem. These results do not show the effect of 
full service factor operation on field equipment of synchronous 
and de motors or on secondary equipment of wound rotor 
motors. However, slip rings and brushes were not reported as 
obvious major problem areas as shown in Table XI. 
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categories, and no obvious trend in evident. 


Power Supply Grounding Type 


Much has been written about the effects of how the power 
supply system neutral is handied on reliability of electrical 
equipment and especially on motors. Table X shows results 
that support many generalizations and expected consequences 
of grounding types. The least failure rate is with solidly 
grounded power supplies, and the highest is with ungrounded 
power supplies. Commonly expected causes of failures in 
ungrounded systems include transient overvoltage and abnor- 
mal voltage levels, but the table on causes did not support this. 
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TABLE XI 
FAILED COMPONENT 
Number of Faitures 
Failed Induction Synchronous Wound Rotor pec Total 
Componem* Motors Motors Motors Motors All Types 

Bearing 152 2 10 2 166 
Windings 15 16 6 = 97 
Rotor 8 1 4 - 13 
Shaft or CPLG 19 - ~ = 19 
Brushes or slip ring - 6 &g 2 16 
External device 10 7 ! = 18 
Not specified 40 $ - 2 si 


* Some respondents reported more than one failed component per motor failure. 


However, insulation breakdown and deterioration from age 
might be interpreted as being affected by ungrounded systems. 


Failed Component 


Table XI shows which components failed most often for the 
four types of motors surveyed. Similar to the previous survey, 
bearings and windings were the predominate trouble areas. 
However, in this survey bearings by far led all other individual 
components in failures. In the previous survey windings failed 
most often. A significant number of failures occurred where 
the failed component was not specified in this survey. 


Time Failure Discovered 


The data in Table XII give an indication of when users 
discover most failures. Two-thirds of the failures were 
discovered during normal operation, and almost one third 
were discovered during testing or maintenance. Many feel that 
under a good maintenance program, most failures are discov- 
ered or prevented during testing or maintenance. Table XIV 
shows that about one-third of the total population reported 
excellent maintenance. The previous survey showed the same 
trend in when failures were discovered. The causes table lists 
major types that support the result of most failures being 
discovered during normal operation. 


Causes of Failures 


These results, shown in Table XIII are very close to those of 
the 1973 survey with some minor differences. The three most 
common failure initiators are mechanical breakage, overheat- 
ing, and insulation breakdown. These causes, combined, are 
supportive of the previous survey results. 

The major contributing cause reported is normal deteriora- 
tion from age, as was also a major contributer in the other 
survey. Unlike the previous survey, high vibration and poor 
lubrication were also reported as significant causes which 
reinforce the problem areas of mechanical breakage and 
consequently bearing failures. Both surveys reported defective 
components and inadequate maintenance as major underlying 
causes. 

Considering the combined contributing causes related to 
environmental conditions such as high ambient temperature, 
abnormal moisture, aggressive chemicals, and poor ventila- 
tion, the failure rates of open and indoor motors shown in 
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TABLE Xt 
TIME FAILURE DISCOVERED 


Number of Percent of 
Failures Toul 
Duting normal operation 240 66.7 
During routine maintenance or testing 10! 28 
Other 13 3.6 
Not specified 6 1.7 
TABLE XIII 
CAUSES OF FAILURES 
Number of 
Failures Percent 
Failure Initiator 
1} Transient overvoliage s ES 
2) Overheating 45 13.2 
3) Other insutation breakdown 42 12.3 
4) Mechanical breakage 113 33.1 
5) Electrical fault or malfunction 26 7.6 
6) Stalled motor 3 09 
T) Other 107 31.4 
Failure Contributor 
() Persistent overloading 14 42 
2) High ambient temperature 10 3.0 
3) Abnormal moisture 19 5.8 
4) Abnormal voltage 5 1.5 
5} Abnormal frequency 2 0.6 
6) High vibration St 15.5 
7) Agressive chemicals 4 42 
8) Poor lubrication 30 15.2 
9} Poor ventilation or cooling 3 3.9 
10) Norma! deterioration from age 87 26.4 
11) Other 65 19.7 
Failure Underlying Cause 
1} Defective component 62 20.1 
2} Poor installation/testing 4 12.9 
3} Inadequate maintenance 66 21.4 
4) Improper operation 11 3.6 
5) Improper handling/shipping 2 0.6 
6) Inadequate physical protection 19 6.1 
T} Inadequate electrical protection 18 5.8 
8) Personnel error 21 6.8 
9) Outside agency other than personne! 12 39 
10) Motor-driven equipment mismatch 15 49 
1t} Other 43 13.9 
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TABLE XIV 
MAINTENANCE VERSUS FAILURE RATE 
Maintenance Sample Size Number of Failure Rate Median Hours Average Hours 
Quality and Cycle (Unit Yr) Failures (Faiiures/Unit Yr) Downtime/Pailure Downtime/Failure 
Excellent 
<12 mo 834.0 93 0.1145 8 53.6 
12-24 mo 660.1 24 0.0364 24 40 
>24 mo 285.5 0.0315 36 48 
1779.6, 126 0.0708 16 1.9 
Fair® 
<12 mo 1776.8 155 0.0872 16 37.7 
12-24 mo 967.7 39 0.0403 4 166.3 
>24 mo 167.0 12 0.0719 165 264.4 
Not Specified 4.0 1* bs bd . 
All 2915.5 207 0.0710 16 87.3 
Poor® 
<12 mo 37.4 3° * . bd 
12-24 mo 195.4 15 9.0563 % 83.6 
>24 mo 6.0 1 * * . 
All 238.5 19 0.0797 n2 10.7 
None 123.3 7 * . ‘ 
Not specified 28.0 I* * .* bg 
“Small sample size. 


* 960 h downtime for one failure omitted. 
* 6570 h downtime for one failure omitted. 


Tables V and Vi may not be abnormal. Additionally, this 
survey shows improper application as a significant problem 
area when the combined effects of poor installation/testing, 
physical and electrical protection, personnel error, and equip- 
ment mismatch are considered. 


Maintenance Versus Failure Rate 


Table XIV shows the results of failure rate compared to 
maintenance quality and maintenance cycie as reported in this 
survey. The previous survey results did not report mainte- 
nance cycle versus failure rate. However, Table XV has 
arranged available data to show quality versus failure rate. 
One notable difference can be seen in the maintenance cycle 
response in each quality category. The previous survey 
showed a trend in more frequent maintenance associated with 
higher quality. In the new survey response was greatest in the 
most frequent maintenance cycle in both the excellent and fair 
quality categories. So an obvious trend is not evident. 

In both surveys, the largest response was to fair mainte- 
nance. However, the new survey had much more response to 
poor maintenance. Both had about the same division in 
response between fair and excellence qualities. 

The most surprising result in the new data is the failure rate 
under reported excellent maintenance. Excellent maintenance 
with the most frequent cycle had the highest failure rate. 
Overall, in cach quality category there is very little difference 
in failure rate. 

The downtime listed in Table XIV does show an expected 
trend between the categories. The data suggest that the higher 
the quality and more frequent the cycle, the less severe the 
failure. 


Description of Maintenance 


Response was adequate to present a description of the 
methods of maintenance reported under the categories of 
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TABLE XV 


1973 MAINTENANCE QUALITY VERSUS FAILURE RATE 


Maintenance Semple Size Number of Failure Rate 

Quality and Cycie (Unit Yr) Failures = (Failures/Unit Yr) 
Excellent 

<12 mo 14 650 

12-24 mo 1372 

>24 mo 1259 

Ali (7 281 7 0.0045 
Fair 

<12 mo 121 

12-24 mo 21 930 

>24 mo 2958 

All 25 009 439 0.0175 
Poor 

<12 mo - 

12-24 mo - 

>24 mo 74 

All 74 hy 0.0270* 


*Small sample size. 


quality and cycle. In Table XVI data are listed as percentages 
of the number of types of motor population reported (e.g., one 
piant reported six different types of motors with maintenance 
data listed for each type; these were counted as six population 
types for the purposes of this table). The differences and 
similarities between the various categories are quite obvious. 
The most commonly used method of maintenance under 
excellent and fair is ‘‘clean.*’ 


Failure Repair/Replace Urgency 


Table XVII is intended to give some insight to the urgency 
reported for restoring motors to service and the resulting 
downtime of the failures. In these data the following two 
responses were considered unusual and exceptional and were 
omitted: downtime for one failure under ‘‘repair during 
normal working hours’’ was reported as 6570 h and downtime 
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TABLE XVI 
DESCRIPTION OF MAINTENANCE REPORTED 
Percent of Population Types 
Maintenance Excellent Fair Poor 
Description <i2mo 12-24mo >24mo Alt <I2mo (2-24m0 >24mo All <!2mo 12-24mo0 >24mo All 
{) Visual 12.5 2.3 - 6.5 24.7 43.1 41.7 32.6 - 31.2 - 33.3 
2) Meggar 39.6 47.7 25.0 40.7 53.5 50.8 33.3 $t.1 ~ 12.5 - 23.8 
3) Clean 43.7 46.8 25.0 46.3 Ld 38.5 83.3 74 - 375 - 33.3 
4) Lub. and/or 
filters 33.3 36.4 37.5 35.2 64.4 $2.3 16.7 56.8 - 62.5 - 42.4 
5) Vibration 
check 20.8 2.3 - 10.2 29.7 - 16.7 18.0 _ — = - 
6) Bearing 
check 18.7 34,1 43.7 28.7 1.0 16.9 41.7 9.5 - 6.2 - 48 
7) Reinsulate 42 - 18.7 4.6 - 3.1 33.3 3.4 = 6.2 ~ 48 
8) Ampere or 
temperature 
check 4.2 - - 1.9 3.0 13.8 8.3 - 12.5 - 9.5 
9) Air gap check = 2.) 20.5 - 9.3 8.9 - = 5.1 - ps - — 
10) Alignmem 4.2 15.9 - 8.3 _ - ea _- ~ - ~ 
It) Change or 
check brushes 6.2 4.5 _ 4.6 8.9 1.5 $3 6.2 - = - - 
12) Overhaul - - - - — - 8.3 =- - ~ - ~ 
13) Paint - _ = - 5.9 - 33.3 5.6 - _ - - 
14) Check cooling 
system - - - _ 3.0 - _~ 1.7 - _ = - 
15) Not specified 22.9 22.7 37.5 25.0 3.1 _ 11 _ - a 48 
Number of 
Population Types 43 44 16 108 101 65 12 178 4 16 t 2k 
TABLE XVI TABLE XVI 
REPAIR/REPLACE URGENCY VERSUS DOWNTIME 1973 REPAIR/REPLACE URGENCY VERSUS DOWNTIME 
Number of = Average Hours Median Hours Number of Average Hours 
Failures Dowantime/Failure Downtime/Failure Failures Downtime/Faiture 
Normal working hours’ 87 97.7 24.0 Normat working hours 323 136.0 
Round the clock 45 81.4 72.0 Working round the clock 4 140.3 
Replace with spare’ 1M 18.2 8.0 Replace with spare 94 21.0 
Low priority 4e 370.0¢ 400.0* Low priority 7 * 
Not specified 6* 288.0* 240.0° Total 478 108.5 
Total 251 69.3 16.0 


*Smali sample size. 
" 6570 h for one failure omitted. 
* 960 h for one failure omitted. 


for one failure under “‘replace with spare’’ was reported as 
960 h. Data from the previous survey were rearranged and 
presented here as Table XVIII. Unlike the previous survey, 
median hours downtime per failure is included in the new data 
to reflect the influence of numerous long downtime periods 
reported. 

in the first two categories the new survey shows obvious 
shorter average downtime per failure than the older survey, 
but the category on replace-with-spare is very close. An 
obvious uncertainty in the new results is evident in the median 
value for round-the-clock urgency. The downtime is higher 
than for less urgent repair. This suggests the possibility of 
some data being reported erroneously. Another interesting 
result is that half of the failures were reported as ‘‘replaced 
with spare’’ in the new survey. Only about one fifth of those 
of the old survey were in this category. This might be expected 
since the new survey covered only larger more critical 
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*Smalt sample size. 


applications. The previous survey results presented no down- 
time data for the ‘‘low priority’’ category, and thus the total 
average in Table XVII is calculated using only the data 
shown. 


GENERAL DISCUSSION 


It is the general consensus of the subcommittee sponsoring 
this activity that the new motor reliability data of this survey, 
contingent on reporting accuracy of the respondents, is more 
practical and usefu! for its intended purpose than the older 
survey data because of the restrictions on age and size. This 
survey also produced an attractive cross section of experience 
in the number of plants represented. One very obvious 
difference in the findings in this survey over the 1973 survey is 
the general trend of higher failure rates in the new data. 

For obvious reasons, maintenance is expected to have a 
significant impact on failure rate and downtime. This paper, 
for the most part, presents results of responses to the 
population types as requested in the survey questionnaire. 
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TABLE XIX 
90 PERCENT CONFIDENCE INTERVALS FOR FAILURE RATE 


Wound 

induction Synchronous Rotor bc 

Motors Motors Motors Motors Ali 
Lower limit 0.0659 0.0583 0.0350 0.0169 0.0644 
Survey result @.0732 0.0777 0.0515 0.0393 0.0708 
Upper limit 0.0798 0.1026 0.0737 0.0699 0.0772 
Percent deviation, L. 10 25 32 37 9 
Percent deviation, U 9 32 43 78 9 


There are many possible combinations of categories, espe- 
cially including those related to maintenance, that can be 
formulated from the responses. The questions and uncertain- 
ties stimulated by the results presented here warrant continued 
analysis and an additional report is planned to present this 
expanded analysis of the correlation between the various 
categorical results with particular emphasis on the effects of 
maintenance. : 

As an additional tool, Table XIX provides a measure of 
confidence in the use of the new data in this report. The table 
iflustrates the statistical timits within which 90 percent of the 
failures could be expected to occur. The confidence limits are 
based on curves assuming 2 homogeneous population since it 
would be impractical to search out every variable affecting 
confidence levels and determine curves for each one. 


APPENDIX 


REASONS FOR CONDUCTING A NEW RELIABILITY 
SURVEY ON MOTORS 


By: Power Systems Reliability Subcommittec, 
Industrial and Commercial Power Systems Committee, 
IEEE Industry Applications Society 
September 1981 


Charles R. Heising (Chairman) Don W. McWilliams 
James W. Aquilino William T. Miles 
Carl E. Becker Joseph }. Moder 


Richard N. Bell John H. Moore 
Thomas V. Booth Pat O'Donnell 
Williard H. Dickinson A. D, Patton 


Bruce Douglas 
Phillip E. Gannon 
Raymond E. Gibley 
Ian Harley Harold T. Wane 
Thomas Key Stanley J. Wells 


The IEEE ‘‘Report on Reliability Survey of Industrial 
Plants, Part I: Reliability of Electrical Equipment’’ published 
in 1973 contained information on failure rates and downtime/ 
failure for motors, 

In their meeting on May 12, 1980, in Houston, TX, and in 
keeping with their commitment to update the previous survey, 
the Power Systems Reliability Subcommittee of the IEEE 
Industrial Power Systems Department is conducting a new 
survey on the reliability of motors. 

Overall the main purpose of this reliability survey is to 
identify failure data and the effects of preventive maintenance 


Chinan Singh 
Wayne L. Stebbins 
Howard P. Stickiey 
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on important classes, types, and applications of motors, thus 
providing the designer and planner the valuable basic informa- 
tion needed to install a reliable and economic system. 

The data in the previous reliability survey show that for 
motors rated 0-600 V the failure rate for induction motors is 
15 times higher than synchronous motors. Since induction 
motors are normatly considered more reliable than synchro- 
Nous motors, it is presumed that the survey data were 
inadequate to cover enough applications to bring this out. 

The data in the previous reliability survey shows that for 
induction motors 0-600 V (this category represents over 50 
percent of the total motor population), the failure rate is 
0.0109 (one unit failure per 92 unit years). This failure rate 
appears to be unreasonably tow when compared with other 
equipment categories (i.¢., motor starters = one failure per 72 
unit years, steam turbine driven generators one failure per 32 
unit years, transformers one failure per 244 unit years). 
Failure rate of this overall class of motors is obviously 
valuable information to users and manufacturers. This new 
survey will support or update this failure rate. 

Motor designs, shop fabrication facilities, and manufactur- 
ing procedures for NEMA frame ac motors (ratings 1-200 hp) 
are significantly different from those for motors rated over 200 
hp. In the previous motor reliability survey, the failure data for 
motors of all horsepower ratings were lumped together. The 
new motor reliability survey will collect failure data only on ac 
motors rated above 200 hp. Usually, motors rated above 200 
hp are driving critical equipment. The reliability of these large 
motors is of prime importance to the industrial system design 
engineer. Recent user experience with reliability of the current 
generation of large ac motor designs (over 200 hp) indicates a 
trend toward a higher number of failures per unit time. 

The previous survey data show that the industry average 
time to repair ac low-voltage motors (0-600 V) is 114 h 
compared to 76 h for medium-voltage ac motors (601-15 000 
V). This information should be updated with a larger sample 
size of medium voltage motors. 

The increased emphasis on minimizing capital investment in 
industrial facilities has resulted in a significant increase in the 
use of two-pole ac induction motors. Because of these 
relatively high speeds (3600 r/min), reliability of these two- 
pole motors is expected to be lower than the lower speed ac 
motors (four and six poles). The previous reliability study did 
not differentiate between 3600 r/min two-pole motors and the 
slower speed motors. The new motor reliability survey wil! 
collect separate reliability data on two-pole motors. Relative 
reliability data on two-pote motors and those with four or more 
poles will be useful to the industrial design engineer in 
evaluating the equipment cost savings inherent in two-pote 
(3600 r/min) operating speeds for motor and associated driven 
equipment. 

The database for the previous reliability study (both unit 
years and number of units) represents something in the order 
of only a few hundredths of a percent of the total motor 
population. 

The mailing list for the new survey will be expanded and 
edited to obtain failure data on a larger percentage of the total 
motor population. 
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COMPARY MAME AND P'LANT: 


IMDUSTRY TYPE: 

PERIOD REPORTED - FROM: MONTH YEAR 
TO: MONTH YEAR 

LOCATION: 


CONTANINATION LEVEL AND TYPE: 


Fig. L. 
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Relisbility survey for electric motors larger than 200 hp. 
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Brief Descrintion 
of Maintenance 


Fig. 2. Total population data. 


COVER LETTER 


Pat O’Donnell 

£1 Paso Natural Gas Company 
P.O. Box 1492 

El Paso, TX 79978 

(91S) 541-2080 


Dear Sir, 
RE: Motor Reliability Survey for Motors Larger than 200 hp 


The Reliability Subcommittee of the [ndustrial Power 
Systems Department requests your cooperation in a survey to 
determine the reliability of electric motors in industrial 
installations. As with previous surveys you may have seen, 
this survey is a followup to the general reliability survey of 
plant equipment in 1971 and is intended to provide more 
meaningful data on motors. Attached for your information is a 
report by the subcommittee on reasons for the survey. 

The results of this survey wiil be published in an IEEE 
paper for value to system planners and designers in reliability 
evaluation of alternatives. Of course, individual responses will 
be held in strict confidence and only summaries published. 


Survey Instructions 


The survey form is reasonably self-explanatory, but a 
sampie filled-out form is included for your guidance and some 
brief instructions follow. We emphasize that all requested data 
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are important, but where some of these data are unknown, 
simply provide the known data and leave the other spaces 
blank. We also encourage any explanatory comments as you 
fee) appropriate. If additional data sheets are needed, please 
duplicate those provided. This survey is restricted to motors 
greater than 200 hp and no older than 15 years. 

General Data [Fig. 1}: 

}) it is vitally important that the period reported be 
given. 

2) Plant contamination level and type should be your best 
estimate. 

Total Population Data [Fig. 2]: 

1} Using the ‘‘total population’’ data block, give re- 
quested data for all motors greater than 200 hp and 15 years 
old or less, in service during the period reported whether or 
not failures have occurred. (Note: When the period reported 
exceeds the age of a motor, use separate data sheets for the 
new motors.) 

2) Use the categories attached to the data block to 
describe the data. 

3) When one data sheet is insufficient to list the total 
population of motors, use consecutive identification numbers 
in the first column of the data sheets (e.g., 1, 2, 3, ete., for 
first sheet; 11, 12, 13, etc., for the second sheet, and so on). 

Failure Data (Fig. 3: 

1) List each motor failure event separately using the 

attached categories to describe the failure. 
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Fatled Component 


Fig. 3. 


2) Identify each failure with the corresponding identifi- 
cation number in the ‘‘total population'’ data. 


3) Under column I describe the component on the motor 
that failed. 


Our schedule dictates that responses be received no later 
than April 15, 1982. Your participation in this project will be 
greatly appreciated. 


Sincerely, 


Pat O'Donnell 
Chairman, Motor Reliability Survey Working Group 
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Discussion 


P. F. Albrecht (General Electric Company, Schenectady, 
NY), E. L. Owen (General Electric Company, Schenectady, 
NY), and D. K. Sharma (Electric Power Research Institute, 
Palo Alto, CA): This Working Group Report provides 
interesting and timely information which adds to a growing 
body of information about the reliability of electric motor 
drives. This information should be useful to owners, opera- 
tors, and designers of motor equipments in their efforts to 
obtain improved motor reliability. The discussers welcome 
this additional information and support the objectives of the 
Working Group. We are hopeful that information of this type 
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Failure data. 


will become increasingly available as we feel it will assist all 
those involved in motor applications in obtaining increased 
reliability. 

Surveys have been conducted by other groups seeking 
similar data for their industries. Under the sponsorship of the 
Electric Power Research Institute (EPRI), Palo Alto, CA, 
General Electric conducted an Industry Assessment Study 
(IAS) to evaluate the present reliability of powerhouse motors 
and to identify design and operational characteristics which, 
through advanced development, offer the potential of in- 
creased motor reliability [3]. Further work is presently 
underway to add data received after the closing date originally 
scheduled for the EPRI study. Analysis based on this 
additional data will be published at a later date. 

We have compared the scope and results of this survey, as 
presented by the Working Group, with the results reported for 
the EPRI survey. Although the motor populations in the two 
studies are from different industries, we find many aspects of 
this Working Group Report which corroborates the findings of 
the EPRI study. The survey response achieved in the two 
studies are compared in Table XX. 

In the EPRI study, it was found that failures subsequent to 
the first failure had a much different distribution than time to 
first failure. Therefore, the primary analysis was conducted in 
terms of time to first failure. Thus the failuce cate from the 
EPRI study is not directly comparable with the Working 
Group results. 

An important result of the EPRI study was to identify those 
motor components which are most subject to failure. This 
information was considered in setting priorities for develop- 
ment work to improve motor reliability. The type of motor 
involved in the EPRI survey was fargely the squirrel-cage 
induction motor (approximately 97 percent of the ‘*known"’ 
types were reported as cage induction motors), and the 
information about failure by component is most representative 
of this motor type. There are differences in the categories of 
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Parameter 

Working EPRI 
Working Group — Nomenciature — (EPRI) Group = Phase I 
Number of companies (Utitities) 33 +6 
Number of plants (Units) 1S 132 
Number of motors (Motors) 1144 4797 
Total populetion (unit-years) (Motor-years) 508$ =. 24914* 
Total faiturea 360 872 
Faiture rate (all motors) 0.0708 0.035" 


*Based on first failure only. 


failed component as reported in the two studies, which makes 
2 direct comparison of results very difficult. 

However, both studies found that for squirrel-cage induc- 
tion motors, bearing and stator winding related faitures 
accounted for approximately three-fourths of al! failures, 
while roto: related failures accounted for only ten percent of 
the failure. . These results seem to corroborate each other and 
gives us greater confidence in our conclusions as to where 
emphasis should be placed. Fig. 4 and Table XXI show the 
percentage failure by component as reported by the EPRI 
study. 

As a part of the EPRI study, additional analysis was 
performed to understand reliability issues better. We found 
that the most significant variable affecting motor failure rate 
was the plant (unit) where the motor was installed. For 
example, in the EPRI study a 90 percent confidence interval 
for failure rate of each of the 132 units was calculated. If all 
units had the same underlying failure rate, about 13 units 
would have a 90 percent confidence interval which does not 
include the failure rate for the entire population, However, in 
the EPRI study, 40 units had a 90-percent interval entirely 
below the population average, and 22 units were entirely 
above the population average. 

We felt it was important to consider this unit variation when 
investigating other factors such as application or size effects. 
Was any such effect between respondents investigated in the 
Working Group survey? In particular, could the effect of 
horsepower noted in Table III of your report be partly due to 
the different companies represented in various size ranges. 

Table Ill of the Working Group report suggests a tendency 
for the motor failure rate to increase with motor size. Booz, ef 
al. also made an analysis based on motor size [4]. However, it 
was felt that horsepower per pole, rather than horsepower, 
better represented exposure to such failure mechanisms as 


® fatigue resulting from differential expansion, 
¢ high stress during operation, 
* susceptibility to lateral vibration. 


Would it be possible to analyze the Working Group data on the 
basis of horsepower per pole, similar to the EPRI analysis? 
As a final comment, the detail of analysis must be 
commensurate with the size of the database. With the large 
database in the EPRI Phase II study, we hope to be able to 
investigate such factors as the effect of first failure on 
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Gearing Related 41% 


Stator Related 
37% 


Fig. 4. Percentage failure by component. 


TABLE XXI 
PERCENTAGE FAILURE BY COMPONENT 


Bearing related 
Sleeve bearings 
Antifriction bearings 
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Stator related 
Ground insuistion 
Turn insulation 
Bracing 
Wedges 
Frame 
Core 
Other 

Total 

Rotor related 
Cage 
Shaft 
Core 
Other 

Total 
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subsequent failure rate. We again compliment the Working 
Group on a good survey and hope to see more of the same. 
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Pat O'Donnell (Coordinating Author): First, to address 
specific questions of the Discussion, we find the result of 
variation of reliability of motors in three different categories of 
units or groups very interesting and useful. However, the 
IEEE survey data do not lend themselves to this specific 
analysis. Our immediate response to this result is concern over 
the obvious cause or reason for this grouping to emerge. The 
WEEE data results attempted to classify industry types, which 
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may follow a similar purpose, but the results related to 
Maintenance more specifically categorize users in the IEEE 
report. We believe the IEEE and EPRI surveys are distinctly 
different in this respect but, as such, are complementary. 

The IEEE survey collected data on a range of horsepower 
sizes and a range of speed ratings. We are not able to identify a 
fine resolution of horsepower per pole ratios but only general 
ranges. A quick analysis of our data for induction motors only 
allows the result shown in Table XXII. 

The IEEE survey emphasized motor size and speed range 
separately with the intent of comparing these categories 
mutually and with others. Again, these results seem to be an 
excellent complement to the EPRI results, which diminish the 
significance of motor size in horsepower and speed as separate 
considerations. That is, a small high-speed motor might have 
the same horsepower/pole ratio as a large slow-speed motor. 

We also are enthused about the added confidence in our data 
showing similarities in failed component trends. Bearing and 
winding failure trends were very similar in the two survey 
results. The IEEE survey did not collect detailed data to break 
down failed components into more subcategories of types, but 
data were collected on causes which helped determine why 
bearing and winding failures occurred. We are very interested 
in whether or not the difference in reliability between the 
“‘high’’ and ‘‘low’’ groups in the EPRI results supports the 
causes found in our survey results. 

Finally, there is a significant difference in the basis of the 
two surveys that add, possibly, to some of the differences in 
results. The IEEE survey acquired data only on motors larger 
than 200 hp. The EPRI survey included sizes down to and 
including 100 hp. This surely accounts for some of the 
difference in total populations, but additionaily, the IEEE data 
exclude standard NEMA frame size motors. It would be of 
interest to compare our results with EPRI results excluding 
motors 200 hp and smaller. This working group is enthused 
about the EPRI results, and we iook forward to seeing further 
analysis of the data. 
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TABLE XXil 
HORSEPOWER VERSUS SPEED 
(INDUCTION MoTors) 
Number of Unit Failure 
Failures Years Rete 

0-720 c/min 

201-500 hp 7 137.92 0.0508 

501-5000 hp 12 175.16 0.0685 

3001-10 000 hp - - _ 

> 10 000 hp - -_- _ 
721-1800 ¢/min 

201-500 hp 148 1922.43 0.0770 

501-5000 hp 66 740.1 0.0692 

5001-10 000 hp 1 2.83 0.3534 

> 10 000 hp - 15 ee 
3600 r/min 

201-500 hp 42 655.75 0.0640 

501-5000 16 358.66 0.0446 

5001-10 000 hp - - - 

> 10 000 hp - - - 
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Report of Large Motor Reliability Survey of Industrial 
and Commercial Installations, Part II 


MOTOR RELIABILITY WORKING GROUP 
POWER SYSTEMS RELIABILITY SUBCOMMITTEE 
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INDUSTRIAL AND COMMERCIAL POWER SYSTEMS DEPARTMENT 
IEEE INDUSTRY APPLICATIONS SOCIETY 


Abstract—in 1983 the initial results of an [EEE survey on large motors 
was published and presented at the 1983 I&CPS Conference. This was the 
first presentation of the resuits of 2 survey completed in 1982 of motors 
farger than 200 hp and no older than 15 years. The results presented here 
of the 1982 survey are to investigate (he deta further to address questions 
generated by the results of the earlier paper, to find additionat 
corretations of the refiability criteria of same of the more Interesting 
categories, aud to bring out more results and categories available from the 
survey data. For information on the overall survey response and (the 
general results of the surveyed categories, refer (o the previous paper. 


INTRODUCTION 


HE SECOND set of results of the 1982 survey of the 

reliability of large motors in industrial and commercial 
installations is summarized in Tables [-XHI. Reference is 
occasionally made to the results presented in 1983 which will 
hereafter be called Part 1 [1]. 

In addition to new comparisons of categories to reveal more 
detailed analysis of the results of Part 1, these new results 
focus more on the effects of maintenance and especially more 
on the effects of causes. Of particular interest are the 
comparisons of reliability data for induction and synchronous 
motors, further analysis of service factor and speed, further 
analysis of bearing and winding failures, a closer look at the 
effect of inadequate maintenance on reliability, additional 
comparisons of indoor and outdoor applications, and addi- 
tional grounding type comparisons. 

Some comments about the data in the tables are in order to 
clarify some questions that may arise. Where no data are 
given, there was either no response or the number of failures 
{FLR’s) and population were insufficient for meaningful 
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results. A footnote marks insufficient response where failures 
were reported, but the total was less than eight. This is in 
keeping with the standard of credibility previously established 
by the Power Systems Reliability Subcommittee. In prepara- 
tion of this paper, a careful, closer look was taken and some of 
the minor errors in counting were corrected. Thus the total 
count in some areas will differ slightly from those of Part 1. 
However, the corrections are minor and no-trends are affected. 
Also, as in the Part 1 results, downtime (DT) for two failures 
was omitted. One was 960 h for an induction motor, 0- 1000 V 
and repiaced-with-spare. The other was 6570 h for an 
induction motor, 1001-5000 V. 

As with other survey results by this subcommittee, a brief 
discussion is included for each table emphasizing significant 
results, but there is no intent to draw definite conclusions. The 
tables are presented representing results from the data reported 
in the survey. 


INDUCTION AND SYNCHRONOUS MOTORS 


The results in Past | of the survey showed induction and 
synchronous motors with nearly equal faiture rates. Some 
believe that synchronous motors, because of their complexity, 
should fail more than induction motors. Table I compares 
these types to various categories to identify any notable 
differences. 

Two categories showed some deviation from the general 
results of Part f. Where response was adequate in the first two 
classes, starts per day clearly affected synchronous motors 
more than induction motors. The induction motor failure rate 
changed very little, but the synchronous motor failure rate 
increased with an increase in starts per day. In the speed 
category it was the induction motors that showed some 
deviation from the trend of Part t. One observation is the 
increase in failure rate with speed for the first two classes of 
speed, A second observation is the high failure rate for 
synchronous motors in the slowest speed class. So the two 
types of motors had opposite trends in failure rate with speed. 
The influence of synchronous motors on the slowest speed 
class is clearly evident where this class showed the highest 
failure rate in Part 1. For induction motors, the lowest failure 
tate was again in the highest speed class. The effects of speed 
are also evaluated in comparisons to horsepower, causes, and 
failed component. 
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TABLE | 
Starts/Day Duty Application Environment Speed Grounding Type 
Contin- Inter- (r/min) Imped- 
it 1-10 11-30 > 30 uous «= rvithent Indoor Outdoor 0-720 721-1800 3600 Solid ance  groumied 


INDUCTION MOTORS 


Number of 
FLR’s 26 38 - - 274 20 203 9 19 216 be {01 123 nn 
Sample size 
“ yn) 3215.8 756.0 884° 8.0* 3480.3 587.8 2485.9 1582.3 313.1 2817.9 1037.2 1909.6 1492.0 666.6 
rate 
(PLR’s/unit ys} 0.0728 0.0767 - - 0.0787 0.0340 0.0817 0.0575 0.0607 0.0766 0.0569 0.0529 0.0624 0.1050 
Average hours 
DT/FLR 61.1 83.8 - - 57.9 194.0 $l 96.8 {91.2 34.5 48.1 69.2 $8.0 7S 
Median hours 
DT/FLR 12.0 18.0 ~ - 12.0 4.0 8.0 48.0 72.0 8.0 40 36.0 10.0 8.0 
Number of FLR’s 
with no DT given 84 3 - _ 90 7 72 48 0 86 i 37 58 2 
SYNCHRONOUS MOTORS 
Number of 
failures 13 23 2% ~ 36 2° 38 - 27 10 I* 12 24 2* 
Sample size 
{unit yr) 194.5 266.1 8.0 - 426.6 42.0 451.2 17.4* 254.9 200.9 12.7 251.7 200.3 16.5 
FLR rate 
(FLR’s/unit yr) 0.0668 0.0864 - - 0.0844 ~ 0.0842 - 0.1059 0.0498 — 0.0477 0.1198 = 
Average hours 
DT/FLR 97.5 68.4 _ — 58.4 - 74.2 _ 33.1 139.1 _- 166.0 39.8 - 
Median hours 
DT/FLR 24.0 16.0 _ - 16.0 - 16.0 — 16.0 96.0 ~ 60.0 16.0 _ 
Number of FLR’s 
with no DT given 2 i] - _ 16 - 3 - Qo 3 - 2 i - 
*Smalt sample size. 
TABLE ll 
MOTOR TYPE VERSUS SERVICE FACTOR 
Induction Syachronous Wound Rotor Direct Current 
1.0 1.15 >is 1.0 iis > 1.5 1.0 L.1S >EIS 1.0 LIS >-b1S 
Number of FLR’s 127 165 2 25 10 3* 10 12 - 6* = oe 
Sample size (unit yr) 2062.7 1943.0 62.5 274.2 {$2.8 41.5 160.7 246.4 ad 94.2 30.0* 7,3* 
FLR rate (FLR's/unit yr) 0.0616 0.0849 - G.0912 0.0654 _ 0.0622 0.0487 _ _ - - 
Average hours DT/FLR 34.4 75.0 _ 81.2 63.4 _ $2.3 192.2 - - - - 
Median hours DT/FLR 8.0 24.0 _ 16.0 20.0 ~ 24.0 162.0 - ad - _ 
Number of FLR’s 
with no DT given 28 W _ 0 3 _ 3 6 - - - - 
*Small sample size. 
SERVICE FACTOR next larger size class the failure rate was approximately the 


Another interesting result of this survey in Part | was that 
1.15 service factor (SF) motors had a higher failure rate than 
1.0-SF motors. Tables II-IV take a closer iook at this category 
by comparison to other categories. 

Table II compares service factor to the various types of 
motors surveyed. The results show that 1.15-SF induction 
motors failed more than 1.0-SF induction motors, but the 
opposite was true with synchronous and wound rotor induction 
motors. The lowest failure rate of all was in 1.15-SF wound 
rotor induction motors. 

In Table III the service factor is evaluated in horsepower 
classes. Only the first two size classes had adequate response. 
As in the results of Part 1 failure rate increased with increase 
in service factor in the smallest size class. However, in the 
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same for 1.0 and 1.15 SF. 

The next category broken out with service factor is voltage, 
shown in Table [V. The same trend evident in Part 1 is again 
evident here. The failure rate increased with increase in 
service factor for each voltage class where response was 
adequate. The service factor is evaluated further in Table VIII 
with comparisons to failed component and causes. 


SPEED 


Part | of the survey results showed a decrease in failure rate 
with increase in speed rating for all categories. Most expect 
that failure rate with speed is most affected by motor size. 
Table V is presented to show these categories from this 
survey. The results show the same trend as Part 1 except for a 
slight deviation in the smallest motor class. The 721-1800 
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TABLE Ol 
HORSEPOWER VERSUS SERVICE FACTOR 
201-300 hp 501-9000 bp 5001-10 000 hp 10 000 
1.0 1.15 >is 1.0 1,15 >1.15 1.0 1.15 >Lis 1.0 Lis >1.15 
Number of failures 105 114 - 56 71 3 thd 2° - - = faa 
Sample size (unit yr) 1758.0 1405.9 341° TI74 = 961.4 TI2 39.2 4.8 - 17.2* - -_ 
FLR rate (FLR’s/unit yr) 0.0597 0.0611 - 0.0720 0.0739 _ _ - - - - _- 
Average hours DT/FLR = 47.7 “48.6 - 86.8 126.5 -_ - _ - _ = = 
Median bours DT/FLR 8.0 12.0 - 16.0 0.0 - ~_ _ -~ in a rs 
Number of FLR's 
with no DT given 2 3” ~ 1) 29 _ - - _ - -_ = 
*Smail sample size. 
TABLE IV 
VOLTAGE VERSUS SERVICE FACTOR 
0-1000 V 1001-5000 V 5001-15 000 
1.0 1.15 > ELS 1.0 Las >1.15 1.0 1.15 >i.ts 

Number of FLR‘s M4 46 - 107 139 5* 8 1° _ 

Sample size (unit yr) 745.5 309.0 73 1725.4 187.5 104.0 121 23.6 - 

FLR rete (FLR‘s/unit yr) 0.0724 © 0,0904 - 0.0620 0.0756 - 0.0661 _ - 

Average hours DT/FLR 38.8 88.3 ~ 75.3 18.9 = 22.7 - - 

Median hours DT/FLR 8.0 36.0 - 16.0 16.0 - 24.0 - - 

Number of FLR's 

with no DT given 6 18 - 14 61 - 2 — _ 

*Small sample size 

TABLE V 
HORSEPOWER VERSUS SPEED (r/min) 
201-500 hp 501-5000 hp 5001-10 000 hp > 10 000 hp 
TAl- T2l- 721- T21- 
0-720 1800 8600 0-720 £800 3600 0-720 1800 3600 0-720 1800 3600 
Number of FLR‘s 19 157 43 38 7S 19 7 2° = = _ = 
Sample size (unit yr) 277.3 2209.8 = 711.0 400.1 940.0 475.6 39.2 48 _ 9.7¢ 7.5* - 
rete 
CFLR‘s/unit yr) 0.0685 0.0710 0.0605 0.0950 0.0798 0.0399 - - - = Zs tas 
Average Hours 
DT/FLR 136.2 35.7 09 99.4 109.2 116.1 ~ ~ - = _ = 
Median Hours 
DT/FLR 70.0 8.0 36.0 16.0 74.0 $2.0 ~ _ - i ao = 
Number of FLR's 
with no DT given 5 58 8 0 % 4 - - ~ — - -_ 
*Small sample size 
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APPENDIX H 
TABLE Vi 
ENCLOSURES—OUTDOOR 
Totatly Totally Totally Totally 
Weather Enclosed Enclosed Enclosed Enclosed 
Opea Protected (TEFC, E.P., D.1.P.) (Open Pipe Vert) (Water-Air} {(Air-Air) 
Number of FLR‘s 18 17 49 2 - Wi 
Sample size (unit yr) WL 379.0 1014.7 16.0 - 131.7 
FLR rate 
(FLR’s/unit yr} ©. 1620 0.0449 0.0483 - _ 0.0835 
Average hours 
DT/FLR 119.1 179.6 69.4 - - 23.9 
Median hours 
DT/FLR 48.0 8.0 48.0 ~ ~ 12.0 
Number of FLR's 
with no DT given 9 2 14 - 4 
Failed componem® 
Bearing i 6 28 1 - 4 
Winding 5 3 16 _ ~ 7 
Rotor 1 { 2 - - - 
Shaft or coupling - 2 4 _ a ~ 
Brushes or slip rings - - - 1 - - 
External dev. - 3 - - = = 
Not specified it 2 - = _ ie 
* Small sample size. 
“Some respondents reported more than one failed component per failure. 
TABLE VII 
ENCLOSURES—INDOOR 
Totalty Totally Toully Totally 
Weather Enctosed Enclosed Enclosed Enclosed 
Open Protected  (TEFC, E.P., D.1.P.) (Open Pipe Vent} = (Water-Air) {Air-Air) 
Number of FLR's 206 a 29 “a 6" $ 
Sample size {unit yc) 2480.8 170.6 312.5 24.7 119.5 229.5 
FLR rate 
(FLR's/unit yr) 0.0830 0.0469 0.0928 - - 0.0392 
Average hours 
DT/FLR 58.8 48.0 28.9 - - 106.7 
Median hours 
DT/FLR 16.0 16.0 10.0 - = 8.0 
Number of FLR's 
with no DT given 62 i 14 ~_ ~ 2 
Failed component” 
Bearing 96 1 14 2 - 5 
Winding 47 - 5 _ - 3 
Rotor 3 - 2 = _ - 
Shaft or coupling It 2 - t ed - 
Brushes or slip rings 12 - _ 1 1 ~ 
External dev. 6 4 _ - 4 - 
Not specified 32 l 8 - 1 t 
* Small sample size. 


* Some respondents reported more than one failed component per failure. 


timin motors show a slightly higher failure rate than the 0-720 
t/min motors. An interesting result is that the highest speed 
larger motors failed only approximately one-half the rate of 
the slowest speed smaller motors. 


ENCLOSURES VERSUS ENVIRONMENT 
Unexpected results of Part | were the relative failure rates 


of open and enclosed motors and the relative failure rates of 
indoor and outdoor motors. To evaluate these results further, 
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the categories are combined in Tables VI and VII with failed 
components also included. 

Table VI shows the highest failure rate with open type 
motors as would be expected since the environment is outdoor. 
In Table VII it was the second class of enclosed motors, which 
includes TEFC, explosion-proof (E.P.), and dust ignition 
proof (D.LP.), with the highest failure rate. Combining all 
enclosed classes in each table shows very little difference in 
failure rate between indoor enclosed motors and outdoor 
enclosed motors. 
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TABLE VIU 
SPEED AND SERVICE FACTOR VERSUS FAILED COMPONENT AND CAUSES® 
Service Pastor Speed 
(c/min) 
1.0 1.15 >1.ts 0-720 721-1800 _ 3600 
Faiied Component® 
i 47.8 39.6 « 2i1 %.2 56.5 
Winding 27.8 74.8 - 29.6 25.9 21.7 
Rotor 2.8 5.0 - 8.5 2.0 3.8 
Shaft or Coupling 6.7 64 = 5.6 6.9 58 
Brushes or stip ring 7.2 1.5 - 15.5 2.0 - 
External Device 0.6 6.4 oa 8.5 2.8 5.8 
Not Specified 7.2 16.3 ad 11.3 14.2 43 
Tol FLRe 180 202 5 t m7 @ 
Failure initiator 
Transient Overvoltage 2.5 0.6 ~ 1.6 0.5 1.8 
ing 15.2 i1.2 20.0 8.1 13.5 (7.9 
Other Insulation Breakdown 12.7 12.8 - 12.9 14.4 5.4 
Mechanical Breakage 36.7 2 20.0 16.1 36.0 4.1 
Etectrical Fault 10.4 3.9 90.0 12.9 6.8 3.4 
Stalled Motor 1.3 0.6 — 3.2 - 1.3 
Other 21.5 40.8 - 45.2 28.8 26.8 
Total PLR's 158 79 3 a 222 
Failure comributor 
Persistent 5.7 33 ~ 48 $4 - 
High-Ambient Temperature 5.7 11 - 1.6 33 3.8 
Abnormal Moisture Tl 49 - 48 6.5 3.8 
Abnorinal Voltage 21 Li ~ i6 a9 3.8 
Abnormal Frequency _~ ha - - 4.7 19 
High Vibration 14.2 16.8 - 14.5 14.9 18.9 
Aggressive Chemicals 7.1 2.2 - 32 5a 19 
Poor Lubrication 19.9 10.9 40.0 9.7 4.4 24.5 
Poor Ventilation or Cooling 2.1 49 - 8.1 2.8 Lo 
Normal Deserioration/Age 17.0 33.2 0.0 23.8 28.8 18.9 
Other 19.1 20.1 ~ 25.8 17.7 20.8 
poral ELA 141 14 5 a 215 3 
Failure underlying cause 
Defective Component 12.9 25.6 0.0 19.4 19.6 23.1 
Poor Installation/Testing 12.9 13.5 - 48 14.4 17.3 
Inadequate Maintenance 22.4 20.5 20.0 16.1 25.8 U5 
Improper Operation 2.0 $.1 - 4.8 2.46 5.8 
improper Handling/Shipping 0.7 0.6 - - 1.0 - 
Physical 10.9 1.9 - 3.2 6.7 77 
inadequate Electrical Protection 9.5 3.2 - 4.8 6.7 5.8 
Personnel Error 4.1 17 20.0 11.3 4 V7 
Outside Agency-Not Personnel 3.4 2.6 = 8.4 3.6 - 
Motor-Driven Equipment Mismetch 4.1 5.8 _ 8.1 4.6 19 
13.0 13.5 - 19.4 10.8 19.2 
Total FLR's 147 156 5 62 194 2 
* Number of failures in percem. 


* Some respondents reported more than one failed component per failure. 


The failed components followed the general overall trend 
with bearings and windings failing most, with bearings 
predominant. Only in the last enclosure class of outdoor 
motors was the trend between bearings and windings reversed. 


FAILED COMPONENT AND CAUSES 
Table VUI takes the speed analysis a step further by 
showing the failed components and causes of failure reported 
for the speed classes. With failed components distributed 
between the speed classes, the slowest speed motors show 
windings as the leading failed component and an increase in 
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bearing failure percentages with increasing speed rating. 
Under causes an interesting result is the relative low percent 
blamed on inadequate maintenance for the highest speed 
rating. Also, deterioration from age was less for this class. 
This supports the low failure rate for high-speed motors. 
Table VIH also breaks down service factor with failed 
component and causes. Bearings again led all components in 
failures with windings second. There seems to be no real 
outstanding difference in causes between 1.0 and 1.15 SF. 
However one difference that undoubtedly contributed to the 
failure rate of 1.15-SF motors is the contributing cause of 
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TABLE iX 
CAUSES VERSUS VARIOUS CATBOORIES* 


Type 
Induction Synchronous 
Failure initiator 
Transient overvoitage 14 - 
Overheming 14.7 _ 
Other insul. breakdown IL9 21.1 
Mechanical breakage 37.4 3.3 
Electrical fault 5.8 3.7 
Stalled motor 0.7 2.6 
Other 28.1 474 
Total PLR‘s 278 38 
Faitfuce contributor 
Persistent overload 49 2.7 
High ambient temperature 34 - 
Abnormal moisture 6.7 2.7 
Abnormal voltage 1.5 2.7 
Abnormal frequency 0.7 - 
High vibration 17.6 54 
Aggressive chemicals 45 2.7 
Poor lubrication 16.9 8.1 
Poor ventilation or cooling 2.2 2.7 
Norma! deterioration/age 74.0 314 
Other 17.6 21.6 
Total FLR's 267 7 
Failure undertying cause 
Defective component 20.3 22.2 
Poor install/testing 15.9 - 
Inadequate maintenance 22.8 Ml 
Improper operation 3.3 2.8 
Improper handling/shipping 3 = 
Inadequate physical protection 6.5 28 
Inadequate electrical protection 5.3 Wt 
Personnel error 3.7 5.6 
Outside agency-not personnel 2.8 13.9 
Motor-driven equip. mismatch 4.9 - 
i118 30.6 
Total FLR's 246 % 
* Number of failures in percest. 


normal deterioration from age which is about twice that for 
1.0-SF motors. 

Table [X is somewhat of a mix of some of the interesting 
categories brought out in other tables with emphasis on causes. 
Comparing induction and synchronous motors is difficult here 
because of the overwhelming response of induction motors. 
However, some of the results of other categories are sup- 
ported. For instance, continuous duty induction motors had a 
higher failure rate than intermittent duty induction motors. 
Aside from the obvious influence of mechanical breakage, 
overheating and insulation breakdown are supportive, The 
contributing cause of normal deterioration from age is also 
evident. 

The table correlates bearing and winding failures with 
causes rather well. Additionally, underlying causes show that 
both defective component and inadequate maintenance were 
reported as major factors in bearing and winding failures with 
inadequate maintenance the most significant. Pailure initiators 
and contributors follow a reasonably logical trend. 

The trend in failure rates for the categories of grounding do 
not appear supportive in this table if voltage related causes are 
expected to be obvious. This category exemplifies others 
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Grounding, Components 
Solid = impedence Ungrownded = Bearings «= Windings 


0.9 14 2.4 - 41 
14.0 11.7 14.3 12.4 214 
16.7 11.0 9.6 ww 36.7 
36 26.2 47.0 0.3 10.2 

8 4a 10.8 3.7 11.2 

- 0.7 2.4 - 20 
2.1 4.1 13.3 31.7 14.3 
114 145 83 161 8 

45 44 37 14 6.5 

3.6 0.7 6.1 7 16 

8.0 44 49 2.7 18.5 

- 2.2 24 - 3.4 

o9 0.7 ~ - Lt 
16.1 13.2 18.3 218 8.7 

18 44 13 5.4 6.5 

3.4 16.2 26.8 31.3 3.4 

6.0 - 37 - 76 
33.9 09 98 20.4 18.5 
17.9 22.8 7 16.3 4.1 

Hz 136 R 47 92 
23.5 14.5 24.4 17.8 10.9 

7.8 12.9 19.5 14.5 10.9 
25.5 18.5 20.7 27.6 19.6 

39 40 24 2.0 6.5 

1.0 0.8 - 0.7 - 

2.9 73 85 79 76 

69 6.3 49 2.6 15.2 

3.9 6.5 8.5 72 5.4 

39 48 24 2.0 3.3 

5.9 6.3 L2 3.9 43 
14.7 17.7 73 (1.8 16.3 
102 124 8&2 132 n 


where causes do not correlate well. It seems that in these 
results bearing and winding failures (especially bearing 
failures) and their related causes obscure some of the other 
cause reasoning. 


MAINTENANCE 


Tables X-XII attempt to delve further into the effects of 
maintenance on failure data. Table X reveals when the failed 
components were discovered. It gives some correlation to the 
effect of maintenance since one would expect a significant 
number of faitures to be discovered during maintenance or 
testing under a good maintenance program. One observation 
for these data is that 56 percent of the bearing failures were 
discovered during normal operation. This is supported reason- 
ably well by Table IX which shows inadequate maintenance as 
significant. Except for brushes and slip rings, all failed 
components show an obvious greater percentage of discovery 
during normal operation. 

Tables XI and XII are presented to take a closer look at the 
underlying cause, inadequate maintenance, and associated 
failure data blamed on this cause. Again bearings by far led all 
other components in failures. Approximately 25 percent of all 
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TABLE X 
FAILED COMPONENT VERSUS TIME DISCOVERED‘ 
Time Discovered 
Normal Maintenance 
Faiied Component Operation or Test Other 
Bearing 36.6 0.6 50.0 
Winding 33.1 8.3 28.6 
Rotor 5.1 1.8 ad 
Shaft of coupling 5.8 8.3 14,3 
Brushes or slip rings 3.1 74 _ 
External device 5.1 3.7 _ 
Not specified 11.3 10.1 pA 
tome PERS 257 109 14 
* Number of failures in peecent. 
* Some respondents reported more than one failed component per failure. 
TABLE XI 
INADEQUATE MAINTENANCE 
FAILED COMPONENTS AND CAUSES* 
Failed component* 
Bearing 59.6 
Winding 25.4 
Rotor 14 
Shaft of coupling - 
Brushes or stip ring a5 
External device 14 
Other . 4.2 
Total FLR's 71 
Failure initiator 
Transient overvoltage - 
Overheating 4.2 
Other insulation breakdown 14.1 
Mechanical breakage $2.1 
Electrical fault 2.8 
Stalled motor - 
Other 26.8 
Total FLR's 71 
Failure contributor 
Persistent overloading = 
High ambient temperature 4.2 
Abnormal moisture 7.0 
Abnormal voltage ats 
Abnormal frequency ais 
High vibration 4.2 
Aggressive chemicals 9.9 
Poor tubrication 43.7 
Poor vertilation/cooling 1.4 
Normal deterioration/age (8.3 
Other W13 
Total FLR's — 


* Number of failures in percent. 
* Some respondents reported more than one failed component per failure. 


Copyright © 1998 !EEE. All rights reserved. 


IEEE 
Std 493-1997 


TABLE Xit 
INADEQUATE MAINTENANCE FAILURE DATA 
Number of FLR's 6 
Sample size (unit yr) 003.6 
FLR rate (FLR's/unit yr) 0.093 
Average hours DT/FLR 80.8 
Median hours DT/FLR 9.0 
Number of FLR’s with no DT given 13 
Number of FLR's 
Maintenance quality and cycle (percent) 
Excellent 
<12 mo 25.8 
12-24 mo ne 
>24 mo ee 
Fair 
<12 mo 37.9 
12-24 mo 7.6 
>24 mo 3.0 
Poor 
<2 mo 3.0 
12-24 mo 12.1 
>24 mo _ 
Total FLR's 6 


bearing failures were reported due to inadequate maintenance. 
Close to 44 percent of the brush and ship ring failures were 
reported due to this cause which does not follow well from 
Table X. The single largest contributor with this underlying 
cause is poor lubrication. 

Table XII shows a definite higher failure rate for inadequate 
maintenance related failures than the Part 1 failure rates for 
maintenance quality. In Part 1 the failure rate results for 
excellent to poor maintenance ranged from 0.0708 to 0.0797, 
respectively. 

Data for when failures were discovered versus maintenance 
quality are presented in Table XIII. It was expected that the 
fair and excellent categories would be significantly different in 
when failures were discovered, but the results show very little 
difference. The same table also includes months since fast 
maintenance versus maintenance quality. The failures seem to 
follow the same trend as scheduled cycle reported with most 
occurring less than 12 mo since maintenance. This table is 
presented in the same format as (2, table 70}. Those results 
showed an obvious difference between fair and excellent 
maintenance overall. The trend in failures was to a certain 
degree increasing directly with months since maintenance and 
indirectly with maintenance quality. The new survey results 
here show a very different trend with most failures occurring 
where last maintenance was less than 12 mo prior to the 
failure. 


GENERAL DISCUSSION 


The additional comparisons and analyses made in this paper 
have supported results of Part | in some cases and in other 
cases have revealed results that were obscured in the general 
categorical tables of Part 1. Not all questions are answered 
here, and there are certainly many more categories and 
comparisons that can be made with the data of this survey. As 
examples, bearing and winding failures compared to starts per 
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TABLE Xl 
MAINTENANCE QUALITY VERSUS TIME FAILURES DISCOVERED AND MONTHS SINCE MAINTENANCE* 
Time Discovered Months Since Maintenance 
Maintenance Normal Maintenance 
Quality Operation or Test ‘Other <t2 12-24 > 

Excellent 85 38 1 8? 17 6 
Pair 132 63 10 102 22 8 
Poor 15 3 1 u 5 - 
None 7 ~_ _ - ! 5 

Total 239 101 12 200 45 19 

Inadequate Maintenance Cause 

Excellent 5 2 - 17 - - 
Fair 22 8 2 16 ] l 
Poor 8 1 i 4 1 -_ 
None 7 - - _- 1 3 

Total a2 21 3 37 3 6 
* Number of failures. 


day and duty application could add meaning to the results. The Gas Company for assistance in the computer program used for 
Reliability Subcommittee is presently evaluating criteria that the analysis of the data for this presentation. 


should be presented in a third set of results, Part 3. Interested REFERENCES 

readers should submit comments and suggestions on informa- : se aa 

tion they would like to see in Part 3. In the format presented in|! IEEE Comminee Report, “Report of large ener easy i 

these results, bearing failures and their causes were very Conference Revere also IEEE Trans. Ind. Appl., vol. LA-21, pp. 
j i igni i 853-864, . 1985. 

dominant and likely prevent other less significant correlations ti TEER Canoueee Ream: <eport on Retieblty Servey of ldusiia 
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Industrial and Commercial Installations: 
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Abstract—Results of a survey conducted in 1982 of the reliability of 
farge motors have been presented and published in two parts {1[, (21- 
Thesé results have generated numerous questions and comments and, 
consequently, the need to further analyze the data of the survey was 
recognized, Part 1 presents general results based on categories of motor 
types and applications specifically requested in the survey questionnaire. 
Part 2 combines various categories and addresses some questions 
resulting from Part t. Pari 3 of the survey resulls is presented here to 
address new questions and comments and (o add more specific analyses of 
areas nol yet explored. These resulis, slong with Paris t and 2, provide 
ihe complete complement of analysis (o date. 


INTRODUCTION 


HE THIRD part of the results of the 1982 survey of 

teliabitity of large motors is presented here and 
summarized in Tables I through VII. As with Part 2, these 
results focus on new comparisons of the data. The tables 
address some questions and comments received since presen- 
tation of Part 2 and provide additional analysis of causes. The 
order of the tables as presented is more or less random and 
there is no intent to portray a delibrate order. 

As in Parts | and 2, where no data is given, there is 
insufficient response to the questionnaire. An asterisk repre- 
sents failures reported but with insufficient number (less than 
cight} for credible results. Additionaily it is again emphasized 
that the tables and corresponding discussions represent results 
of the survey and that there is no intent to draw definite 
conclusions. Finally, as in Parts 1 and 2, differences in total 
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failures between the various categories of Part 3 reflect 
missing data from some survey responses. 


ENcLosure—INDoor AND Outpoor 


Tables I and Hi are presented to take a closer look at the 
causes of failures reported for various enclosures in both 
indoor and outdoor environments. As was evident in the 
previously published results, most indoor applications were 
“‘open’* motors and most outdoor applications were totally 
enclosed fan-cooled (TEPC), explosion-proof or dust igaition- 
proof motors. 

For the outdoor motors with the above enclosures, Table I 
shows that the major failure initiators are well supported by 
the failure contributors. The main underlying causes point to 
defective components and inadequate maintenance. For indoor 
open motors in Table II, failure initiators and failure contribu- 
tors again match, but inadequate maintenance was by far the 
single largest underlying cause. 

Comparison of indoor and outdoor environments also 
reveals certain opposite trends relative to causes of all failures 
(Part 1, Table 13). For instance, the following causes show 
opposite trends between indoor and outdoor applications when 
their respective percentages of total are compared to the same 
for all applications of Part t, Table 13: mechanical breakage, 
electrical fault or malfunction, abnormal moisture, poor 
lubrication, inadequate electrical protection, inadequate main- 
tenance, and personnel error. An example will make this more 
clear. For outdoor motors, mechanical breakage is 26/90 or 
28.9 percent of the total number of failures for ‘‘failure 
initiator,’* while for all applications 113/341 is 33.1 percent of 
the number of failures for ‘‘failure initiator.’ Indoor motors 
show 85/240, or 35.4 percent versus 33.1 percent. 


HicH Visration Cause 


Tables [If and IV present additional results to Parts | and 2 
for failures blamed on vibration. Table IIl shows 48 failures 
blamed on vibration where data are also available on failure 
initiator and underlying cause. As would be expected, most 
failures were initiated by mechanical breakage. It is interesting 
that most underlying causes were reported as defective 
component and poor installation or testing. Only three failures 
list inadequate maintenance as a contributing cause. For 
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TABLE | 
ENCLOSURES--OUTDOOR 
(No. of Failures) 
Totally Totally 
Enclosed Enclored Totally Totally Ait 
Weather- TEFC, Open Enclosed Enctored Apptications 
Causes Open protected = Exp... D.1. Pipe Vent = Water-Air Air-Air — Total {Pan 
Faiture Initiator 
Transient overvoltage H - i - - - 2 5 
Overheating 2 4 9 ~_ _ - 1S 45 
‘Other insulation breakdown = 4 I 0 i - ~ 16 a 
Mechanical breakage 6 7 iT) 1 - I 26 H3 
Etectrical fault/malfunction ! - 4 ~ - 4 9 26 
Stalled motor - = l - ~- - i 3 
Other 4 6 5 - - 6 21 107 
Failure Contributor 
Persistent overload - 2 - - - - 2 14 
High ambient temperature _ { l - - - 2 to 
Abnormal moisture 2 Z 5 - - al 9 9 
Abnormal voltage 2 - _ - _ - 2 3 
Abnormal frequency - - - - - - - 2 
High vibration 1 3 6 - ~ i} 1 51 
Aggressive chemicals ! _ l i - 3 6 \4 
Poor lubrication - 2 3 - - 1 6 3» 
Poor ventilation/cooling ~ - - - -_ 4 4 13 
Normal deterioration/age 2 2 7 t - 2 i4 8? 
Other 2 5 9 - _ - 16 65 
Failure Underlying Cause 
Defective component 3 4 9 - - 2 ig 62 
Poor installation/testing 2 3 4 - ~ - 9 40 
Inadequate maintenance 3 2 7 i - - 13 66 
Improper operation - - - - - | 1 
improper handling I - - - - ad ! 2 
Inadequate physica! 
protection 4 2 - - - - 6 ts 
Inadequate electrical 
. protection 2 2 3 1 - - 8 18 
Personnel error - - i _ _ { 2 21 
Outside agency -not pers. = _ - ~ ad 2 2 12 
Motor-load mismatch - ! 1 _ - 3 5 iS 
Other - 3 9 _ - 2 4 43 


convenience, the total of 51 failures blamed on high vibration 
(Part 1) is also shown. 

Table IV compares vibration failure causes to size. Only 
two size ranges have sufficient response to allow meaningful 
results. The table shows that the percent of vibration failures 
to total failures increases slightly with size. 


Starts/Day Versus Continuous Duty APPLICATION 


The results in Table V attempt to further evaluate the effects 
of starting on failures. Only continuous duty applications are 
considered, to avoid confusion over trying to distinguish 
between various degrees of intermittent duty. The first two 
voltage classes of induction motors, in which most of the 
survey data were collected, are emphasized. Also, very little 
data were collected for the categories of more than ten starts 
per day. 

"As can be seen from the table, overall there is very little 
difference in failure rates between less-than-one and one-to- 
ten starts per day, and very little difference between the two 
voltage classes. There does, however, seem to be a trend in 
longer downtimes for the one-to-ten starts per day category, 
suggesting that failures were more severe. 
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Downtime Versus Repair Urcency AND Time Discoverep 


Downtime is expected to be affected by the urgency with 
which repairs are made and also by when failures arc 
discovered, which would seem to affect the severity of 
failures. Table VI compares downtime with these categories to 
get a different view than Parts | and 2 provide. Overall the 
trend in number of failures decreases as downtime increases. 
There are some obvious deviations from this trend at the range 
of 51-100 h downtime per failure. Also this trend is obscurc 
under the repair urgency ‘‘round-the-clock.”* It is interesting 
that for this category there are practically as many faitures in 
the higher downtime ranges as in the lower downtime ranges. 
Another somewhat unexpected result is that there is no 
obvious difference in the distribution of failures between the 
categories under the heading ‘‘time discovered."’ However. 
the results show that failures corrected by ‘‘replace with 
spare'’ are predominantly in the least downtime range, as 
would be expected. 


Horsepower Versus Speeo: Inpuctton Motors 


A recent motor reliability survey [3} sponsored by the 
Electric Power Research Institute (EPRI) and conducted by the 
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TABLE Il 
ENCLOSURES~INDOOR 
(No. of Failures) 
Totally Totally 
Enclosed Enclosed Totalty Totaily 
Weather- TEFC, Oper Enclosed Enclosed 
Causes Open protected Exp., 0.1. Pipe Vent. = Water-Air Air-Air Total 
Failure Initiator 
Transient overvottage 3 - ~ — - ~ 3 
Overheating 25 _- 3 _~ ! 1 30 
Other insulation breakdown 22 _ 3 - t | 27 
Mechanical breakage 68 l H 2 _ 3 85 
Electrical fauit/malfunction oi 3 1 - - 3 9 
Stalled motor - ~ _ = = = Si 
Other 68 1 10 2 4 l 86 
Failure Contributor 
Persistent overload _ - 3 _ - ] 4 
High ambient temperature = = 3 ~ - ] 4 
Abnormal moisture 10 - _ - _ _ 10 
Abnormal voltage = - - ~ - — = 
Abnormal frequency - _ - ~ _ - _ 
High vibration 35 I 1 - - 2 39 
Aggressive chemicals _ | - t _ - 2 
Poor lubrication 38 - 3 ~ l 2 44 
Poor ventilation/cooling - I - 2 1 - 4 
Normal deterioration/age 38 x | 14 ] - 3 39 
Other 38 1 $ - 4 ~ 48 
Failure Underlying Cause 
Defective component 27 4 6 1 3 - 43 
Poor installation/testing 28 - | ~ - i 30 
Inadequate maintenance 4t ! 8 ' - 2 $3 
Improper operation - — 1 - - 1 2 
Improper handling = ed - - — - - 
Inadequate physical 
Protection 10 - 1 t ~ 1 13 
Inadequate electrical 
Protection _ 1 - - = 2 3 
Personnel error 16 _ - - - 1 17 
Outside agency—not pers. 7 - ! 1 1 _ 10 
Motor-load mismatch 9 - I - - ~ 10 
Oxher 23 ! 4 a _ i] 29 
TABLE IU) 
VIBRATION FAILURES 
(No. of Failures) 
Transient overvoltage G 
Overheating 6. TABLE IV 
Other insulation breakdown 2 VIBRATION FAILURES VERSUS SIZE 
Failure Initiator Mechanical breakage 23 
Electrical fault/malfunction 3 Total No. Of 
Stalled motor ! No. of Vibration Failures— 
alas 3 Motor Size Failures All Causes Percent 
Defective component 14 
Poor installation/test, 15 
i 201-500 h 27 218 12.4 
Inadequate maintanance 3 501-5000 a 22 aI 16.8 
Improper operation ©  S001-10 000 hp \ 9 ‘ 
Improper handiing/shipping le 10 000 hp eS = = 
Failure Underlying Cause inadequate physical protection 3 
tnadequate clecirical protection 0 
Personnel error 4 * Small sample size. 
Outside agency —not pers. 0 
Motor-laad mismatch 3 
Other 45 
Todal Vibration Failures 51 
(From Part [) 
Copyright © 1998 IEEE. All rights reserved. 357 
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TABLE V 
STARTS PER DAY VERSUS CONTINUOUS DUTY 
ReGC'—a6V“—e“6——“«—_BS NN SS 


Total 
No. of Starts No. of Papuiation Fir Avg. Hrs Med Hrs 
Per Day Firs U-Yrs Rate D.T./Fir D.T./Fir 
<i 241 311.6 9.0775 48.7 (2 
AIL: Mictors I-10 90 1178.1 0.0764 90.8 16 
All motors 
<1 71 854,5 0.0831 36.1 8 
1-10 22 244.5 0.0900 Ure 48 
st Individual Motors 
<t 68 768.7 0.0885 37.2 8 
1-10 13 148.4 0.0876 50.7 36 
All motors 
<I 163 2185.0 0.0746 55.7 12 
1-10 66 859.1 0.0768 $3.6 16 
1000-5000 V Individual Motors 
<10 152 1876.9 0.0810 S47 12 
1-10 38 497.0 0.0765 102.6 16 
TABLE V! 


DOWNTIME VERSUS REPAIR URGENCY AND TIME DISCOVERED 
{No. of Firs} 


————_—_——r ee ee 


Repair Urgency Time Discovered 
Downtime Normal Round Replace During During 
Per Fir Working the with Low Normai Maintenance 
(Hours) Hours Clock Spare Priority Operation or Test Other 
eae 
1-12 4 2 89 - 66 35 4 
13-24 32 13 9 ~ 35 20 - 
25-50 10 6 2 - 12 6 - 
51-100 i3 Ih 2 - 20 6 - 
101-150 6 6 - - i2 = _ 
151-200 4 4 1 I 3 4 2 
201-350 3 3 i 3 7 3 aes 
<350 5 - i 2 8 1 - 
General Electric Company focused on electric utility power- 
TABLE VII house motors. Several interesting correlations between the 
HORSEPOWER VERSUS SPEED PRI d the IEEE Ina Di ; 
INDUCTION MOTORS EPRI survey and ¢ survey emerged. In iscussion 
[4] of Part 1 of the [EEE results by participants in the EPRI 
No. of Unit Failure survey it was noted that hp per pole had been analyzed in past 
Failures Years Rate studies as affecting failure rate. The data in the [EEE survey 
’ did not allow this specific analysis. Table VII, presented here, 
0-720 r/min is a more general representation of this subject, showing 
201-500 hp 7 137.92 0.0508 x i 
501-5 000 hp 12 175.16 0.0685 ranges of speed and of size. Induction motors are the most 
5001-10 600 hp - - ie common type in use and consequently most survey data were 
> 10 000 hp = = - collected for this type. Table VII has been timited to induction 
721-1800 rimin motors. It should be noted that this table was also published in 
201-500 hp 148 1922.43 0.0770 he Ci he Di : fe ed i hips 
$01-5000 hp 66 740.1 0.0892 the josure to t iscussion referenced in the aforemen- 
5001-10 000 hp 1 2.83 tioned. Similar results were published in Part 2, Table 5, but 
> 10 000 hp = 75 oad included all types of motors surveyed. 
saat re eer cae The highest failure rate appears in the middle speed range 
- Pp 5 F z , ori 
501-5 000 hp 6 358 66 00446 and at 501-5000 hp. One might observe that within the first 
001-10 000 hp = _ = two speed ranges, as hp per pole increases (assuming that, 
> 10 000 hp - - - 


* Small sample size. 
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specifically, 720 r/min and 1800 R/min are predominant in 
these speed ranges) so also does failure rate. However, the 
highest speed range reverses this trend. Aside from this 
observation there is not a significant difference in failure rates 
between the different horsepower ranges within the first two 
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speed ranges. Table 5 of Part 2, which included all motor 
types surveyed, showed similar trends. 


Generac Discussion 


The results of Part 3 have presented several new aspects of 
the data. Most are a resuit of questions and comments received 
concerning Parts | and 2, but in some cases the data did not 
allow exact analysis. In some cases trends are evident and in 
some cases they are not. Some of the results expected or at 
least anticipated, for example, were that most failures oc- 
curred with lower downtime per failure, high vibration 
resulted in mechanical breakage, and longer downtime per 
faiture occurred with induction motors starting more than once 
per day. Some of the interesting results were the opposite 
trends in causes of failures between indoor and outdoor 
applications and vibration causes being blamed mostly on 
defective component and poor installation or testing. 

Overall, Part 3 has added credibility to some previously 
published results and has reinforced some areas of causes that 
are otherwise normally speculated. 
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Discussion 


Richard Bloss (independent Consultant, #5462 Banbury 
Drive, Cleveland, OH 44139, formerly with Booz, Allen & 
Hamilton): { applaud the IEEE Motor Reliability Working 
Group for their efforts to build @ better understanding of the 
factors that influence targe motor reliability. I would like to 
add that my remarks here are my own and not those of the 
Electric Power Research Institute, the Generat Electric Com- 
pany, the prime contractor for the EPRI study, or of Booz, 
Allen & Hamilton, the subcontractor for the survey phase. 

There are certain differences in the focus of the two studies 
that are important to understand, The EPRI study was looking 
at power generation plant applications. The IEEE was looking 
at a much broader commercial and industrial application base. 
To capitalize on the commonality of apptications, the EPRI 
study focused on possible effects of applications as well as 
basic motor failure modes. The EPRI study permits conclu- 
sions 10 be drawn across similar applications. 

The General Electric Company representatives may have 
already drawn what may be the most significant conclusion to 
the EPRI study in earlier remarks they made relating to the 
first part of the [EEE study. That conclusion is that the most 
significant variable in motor reliability in the EPRI study was 
‘twho was the owner.’ My personal analysis of the findings 
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leads me to draw the conclusion that those utilities which had 
developed their own motor specifications over and beyond the 
industry standards had the best reliability history. 

As a result of the larger sample in the EPRI study and the 
greater focus on a limited range of applications, more 
conclusions can be drawn relating to applications. As an 
example, in the EPRI study a problem was identified relating 
to the failure of Weatherproof H enctosures to protect motors 
in outdoor installations in coastal regions affected by severe 
weather. In another case, a pattern of motor misapplication in 
purchased subsystems was identified. Data from a number of 
owners of 2 particutar subsystem served to pinpoint the use of 
motors designed for horizontal use, with adequate axial thrust 
capacity, in vertical applications. The subsystem supplier had 
failed to understand the problem of lubrication of the bearings. 
Owners who had researched the problem of bearing failure 
were installing their own redesigned lube system while others 
who were unaware of the root cause were continuing to repair 
the same bearing failure over and over. 

It does appear from the EPRI study that customer-gencrated 
specifications can impart a favorable impact on motor reliabil- 
ity. The IEEE may want to pursue, in conjunction with the 
EPRI and others, a further study of what specific factors in 
customer-gencrated motor specifications have this positive 
effect on motor reliability. 

The payoff is clear. In the EPRI study the average cost per 
year of motor failures was identified as $300 000 per power 
generating unit. The ‘‘best'’ owners had much flower motor 
failure costs, approaching zero cost. The average unit had just 
40 motors. The average cost per motor per year for failures 
was about $7500, pius the cost to repair the motor! 

| feel the EEE Working Group must enlist the help of major 
customers of large motors to develop improved specifications 
that will reduce motor failures. 


Manuscript released for publication October 9, 1986. 


C. R. Heising and Pat O’Donnell: The Discussion by Mr. 
Bloss presents some additional views and comparisons of the 
EPRI and [EEE surveys of the reliability of large motors. 

A notable difference in the published results from the IEEE 
survey is the omission of conclusions except for some obvious 
conclusions from the data. This omission is deliberate and may 
possibly lead to a false impression that the IEEE results are not 
conducive to definite conclusions. We believe the results 
present facts as accurate as can possibly be obtained in a 
survey conducted by mail. The IEEE survey was successful in 
obtaining data covering causcs of failures. and in some cases 
this was related to pertinent design factors. 

A major difference in the surveys by the EPRI and the [EEE 
is the population base of each. The EPRI results, based on a 
large population base, appear to be more complete and contain 
more detail in some specific areas such as the failed part and 
the application of the motor. The IEEE survey results are 
based upon a lesser population, but are more complete on the 
causes of the failures and the effect of maintenance. The cause 
data included failure initiating cause, failure contributing 
cause, and failure responsibility. 
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Mr. Bloss’s comments about the effect that customer- 
generated specifications can have on improving the reliability 
of motors are very pertinent. He suggests that the IEEE may 
want to pursue this subject further and identify some of the 
Most pertinent factors that could be specified in order to 
improve the reliability of motors. The IEEE-IAS Power 
Systems Reliability Subcommittee will consider this matter 
further. 

Accurate and well-engineered specifications are certainly 
found desirable by most users and manufacturers. The 
inability to provide such specifications may often be caused by 
insufficient experience and expertise, and this may lead to 
poor reliability. The IEEE survey results are intended to aid 
this cause by revealing what is actually happening in the 
industry, thus allowing improved standards and specifications. 
These results reveal existing reliability with existing specifica- 
tions. Mr. Bloss reports from his experience on the EPRI 
study that good specifications can coincide with good reliabil- 
ity. 

The data from the [EEE motor reliability survey will be 
included in the next revision to EEE Standard No. 493 (Gold 
Book), ‘‘Recommended Practice for Design of Reliable 
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Industrial and Commercial! Power Systems."’ This recom- 
mended practice standard and its future revisions contain much 
of the data collected in the IEEE equipment reliability surveys 
of industrial and commercial installations. 


Manuscript released for publication October 9, 1986. 
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Reliability Study of Cable, Terminations, and 
Splices by Electric Utilities in the Northwest 


WILLIAM F. BRAUN, mMemeer, IEEE 


Abstract—The results for cable, terminations, and splice reHability are 
summarized from a reliability report prepared annually by the Northwest 
Electric Light and Power Association (NELPA). Falture rates are given 
for primary cable, secondary cable, plug-ln elbow connectors, primary 
splices and toadbreak junctions, pote top terminators, and secondary 
connections. Pertinent factors that affect the failure rates are identified, 


INTRODUCTION 


OR THE PAST 18 years the Northwest Underground 

Distribution Committee! of the Northwest Electric Light 
and Power Association (NELPA) has prepared an annual 
report titled ‘‘URD equipment and materials reliability in the: 
Northwest’’ {1]. 

Of particular interest to the IEEE Power Systems Reliability 
Subcommittee on Industrial and Commercial Power Systems is 
the portion of the report pertaining to cables, terminations, 
splices, and connections, since similar equipment is often used 
on industrial or commercial power systems. 

The data in the NELPA report appears to be more complete 
and represents a much larger sample size than the data from 
the IEEE reliability survey of industrial plants [2] that was 
pudlished in 1973-1974 and incorporated into the present 
ANSI/IEEE Standard No. 493-1980 [3]. The standard ts being 
revised and updated in 1986. This paper will sumarize the 
NELPA report with the intent of using it as a source for the 
1986 revision of ANSI/IEEE Standard No. 493. 


BACKGROUND 


NELPA companies serve most of the Northwest areas of the 
United States. Because the geographical makeup of this area 
consists of some very wet areas, some very dry areas, some 
very hot areas, and some very cold areas, the data from the 
report should be valuable for evaluating URD equipment for 
use around the country, particularly for such items as 
corrosion resistance and insulation faiture. 

NELPA consists of the following member companies. 


Paper ICPSD 86-14, approved by the Power Systems Engineering 
Committee of the JEEE Industry Applications Society for presentation at the 
1986 Industrial and Commercial Power Systems Technical Conference, 
Cleveland, OH. May $-8. Manuscript released for publication September 9, 
19R6. 

W. F. Braun is with the Owens-Corning Fiberglas Corporation, Fiberglas 
Tower SGI4, Toledu. OW 43689. 

IEEE Lag Number 8612035. 


' Kenneth W. Prier of Portland General Electric Company was Chairman of 


the Northwest Underground Distribution Conmmittee in 1984. when Report 
No. $7 was issucd. Richard M. Snell of Montana Power Company is the 
present Chairman. 
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TABLE | 
CABLE FAILURE RATES—ALL VOLTAGE CLASSES 
{Failures per 100 Conductor Miles) 


1969 0.67 1977 9.98 
1970 lil 1978 1.47 
1971 0.73 1979 1.82 
1972 0.91 1980 1.68 
1973 1.00 1981 2.55 
1974 1.03 1982 2.51 
1973 0.89 1983 2.27 
1976 1.10 


Idaho Power Company 

Montana Power Company 

Pacific Power & Light Company 
Portland General Electric Company 
Puget Sound Power & Light Company 
Utah Power & Light Company 
Washington Water Power Company 


Faiture Data REPORTING 


The report is only concerned with natural failures of 
equipment or materials. All failures caused by abnormal 
external means, such as through dig-ins or damage prior to 
installation, are not intended to be included in the data. In the 
cases where the cause of a failure could not be determined, the 
cause of the failure is assumed and reported in that way. 

The member utilities are continuously improving their 
efforts to accumulate basic data, However, there are still 
problems with field people not reporting the material failures. 
All failure rates in this report should be considered on the low 
side. 


Primary CAa_e 


Table I lists the failure record for all voltage classes (15 kV. 
25 kV, and 35 kV) and insulation types of primary cable used 
on the systems. 

In general the failure record is excetlent, although high 
molecular weight polyethylene (HMWPE) insulated cabic is 
failing at a much greater rate than crosslinked polyethylene 
(XLPE). (See Tables IITA and JIIB for complete data.) 

The failure rates for the last few years are high because one 
utility has just stacted reporting failures and they have been 
having problems with 175-mil {5-kV cable. 

A comparison was also made between 15-kV HMWPE and 
15-kV XLPE cable for the last ten years. (See Table iI.) 
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TABLE Il 
15-kV CLASS CARLE 


(Faitures per 100 Conductor Miles of Cable) 


175-mil 


175-mii 220-mil 220-mil 
Failure Year HMWPE HMWPE XLPE XLPE 
1973 9.90 1.40 0.27 0.0 
1971 0.41 1.4! 0.53 0.56 
1975 0.72 1.51 0.33 0.0 
1976 1.19 (.28 0.47 1.72 
1977 1,25 1.04 0.39 0.0 
1978 2.07 0.69 1.06 0.08 
1979 2.67 0.90 0.68 0.12 
1980 3.42 0.65 0.03 0.0 
1981 5.38 0.95 0.10 0.05 
1982 4.77 1.69 0.07 0,0 
1983 4.40 1.73 0.53 0.0 


IS-hy HMWPE CABLES 


2.0 


FAILURE /100 CONDUCTOR MILES OF CABLE 


Fig. 1. 


HMWPE cable seems to be failing at a much higher rate 
than XLPE cable. These failures seem to be related to treeing 
problems, which break down the insulation material. (See Fig. 
| for a plot of the data.) 

Some member utilities have started to purchase tree- 
retardant insulation material. The usage has been limited and 
no failures have been reported. 

In addition, 175-mil thickness insulation seems to have a 
much higher failure rate than 220-mil insulation. This is 
apparently due to the larger electrical stress capability of 220- 
mil insulation. 


Seconpary CABLES 
The failure rate for secondary low-voltage cables (600 V 
and below) has remained fairly constant for the last two years. 
The failure rates since 1969 are as follows. 


1969 1.5 failures per 100 conductor miles 
1970 1.25 failures per 100 conductor miles 
1971 0.74 failures per 100 conductor miles 
1972 0.62 failures per 100 conductor miles 
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IS-hy XLPE CABLES 


Failure rates of 15-kV URD cables. 


1973 0.35 failures per 100 conductor miles 
1974 0.50 failures per 100 conductor miles 
1975 0.39 failures per 100 conductor miles 
1976 0.53 failures per 100 conductor miles 
1977 0.73 failures per 100 conductor miles 
1978 0.7) failures per 100 conductor miles 
1979 0.73 failures per 100 conductor miles 
1980 0.48 failures per 100 conductor miles 
1981 0.80 failures per 100 conductor miles 
1982 0.70 failures per 100 conductor miles 
1983 0.78 failures per 100 conductor miles 


Failures of this cable seem to be related mostly to 
mechanical-type damage occurring during or after installation. 
Corrosion problems due to moisture do not seem to be a 
problem. (See Table IV for complete data.) 


Piuc-In ELpow CONNECTORS 


The failure rate for 15-kV, 25-kV, and 35-kV loadbreak 
elbows of 0.41 failures per 1000 units (unit defined as one 
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TABLE IliA 
PRIMARY CABLE—I5 kV 


Average 
Life 
Miles¢ Failures Failures Before Neutrat 
Type Company Installed This Year to Date Failure Corrosioa 
{A) HMWPE 175 mil, 15 kV A 18 0 23 Unknown 
B 1170 34 118 7-8 yrs 
c 1388 97 412 
E 3161 86 545 13 yrs 8 
G 1085 83 529 12 yrs 10 
Total $822 300 1627 
(B) HMWPE [75 mil, IS kV c 504 o 0 
iree retardant E 1106 0 0 
Total t610 0 tt] 
{C) HMWPE 220 mii, [5 kV A { 0 0 12 yrs 
c 4 16 8&6 Unknown 
D 2373 3 255 Not reported 
F 488 3 6 20 yrs 
Total 2896 bo] 351 
(D) HMW-Poly 220 mil. IS kV D 60 0 0 
tree retardent 
(E) XLP 175 mil, 15 kV A 1960 21 Ww? Unknown 
B 150 0 
¢c 615 0 0 
E 159 0 14 
G 60 i 3 
Total 4154 22 134 
(PF) XLP £75 mil, (5 kV E 318 G 0 
tree retardant 
(GQ) XLP 175 mil, 15 kV E 90 0 0 
tree retardant wi 
insulated jacket 
(H) XLP 175 mil jacket, [5 kV G 149 0 0 
Total 149 
{i} XLP 220 mil, 15 k¥ c 1 0 
D 2417 0 10 Not reported 
F ’ 
Torai 2418 0 10 
Q) Butyi-neoprene, 15 kV A 1 | 1 
BD 10 0 t 
E n” 2 1$ 21 yrs 
Total 90 3 17 
(K) EPR 175 mil, 15 kV A 3 0 4 
GRAND TOTAL 18 610 375 2143 


LAST YEAR'S GRAND TOTAL 17753 376 1768 


* Conductor miles (not circuit miles). 
* Accurate data not available. 
(Data from NUDC Report No. 17, October 8, 1984.) 
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TABLE IIB 
PRIMARY CABLE—25 AND 35 kV 
Average 
Life 
Miles‘ Failures Failures Before Neutral 
Type Company Instatied This Year to Date Failure Corrosion 
(A) HMWP 260 mit, 25 kV G 125 0 8 
«B) HMWP 260 mil, 25 kV B 80 8 1§ 8-10 yes 
(C) HMWP 260 mil, 25 kV c 930 15 432 
{D) HMWP 295 mil, 25 kV c 108 26 67 
(E) HMWP 280 mil, 25 kV A 2 0 55 HL yrs 
Tota! 1245 109 577 
(F)  HMWP 260 mil, 25 kV Cc 348 0 0 
(ree retardant 
{G)  XLP 260 mil, 25 kV B 11 0 0 
(H) = XLP 260 mit, 25 kV Cc 409 0 4 
w XLP 295 mil, 25 kV F : . ’ 
Total 420 0 4 
() = XLP 260 mil, 25 kV B 326 0 0 
with jacket 
(K) EP 295 mil, 25 kV A 5 0 2 
(L)  HMWP 345 mil, 35 kV c 74 0 22 
(M) HMWP 345 mil, 35 kV c 3t 0 0 
tree retardant 
(N) HMWP 345 mil, 35 kV E 98 0 0 
tree retardant 
Total 129 0 0 
(O) XLP 280 mil, 35 kV A 10 0 2 
(P) = =XLP 345 mil, 35 kV A 102 1 2 2 yrs 
(Q)  XLP 345 mil, 35 kV c 34 0 0 
(R) XLPE 345 mil, 35 kV E 29 1) 0 
(5) XLPE 345 mil, 35 kV SG 5 0 0 
Total 580 1 4 
(T) = XLP 345 mil, 35 kV E 48 0 0 
tree retardant 
{Up  XLP 345 mil, 35 kV E 7 0 0 
tree retardant with 
insulated jacket 
GRAND TOTAL 2792 110 609 
LAST YEAR'S GRAND TOTAL 225t 127 498 


* Conductor miles (not circuit miles). 
* Accurate data not available. 
(Data is from NUDC Report No. 17, October 8. 1984). 
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TABLE 1V 
LOW-VOLTAGE CABLE 
Average 
Life 
Type Miles’ Failures Failures Before Neutral 
insulation Company Thickness Installed This Year to Date Faiture Corrosion 
(A) Poly Cc tt] 0 0 
D (Sodium) 12 0 4° 24 yrs 
E Ci] 0 0 
Total 12 a] 4 
(B) XLPE A 70-110 mil 2983 165 543 Unknown 
B 70-110 mil 1300 ! ai 
Cc 60-110 mil It 295 87 9t4 Unknown? — All neutral 
D 80-95 mil 8128 5 89 
E Min. IPCEA 5520: 5 47 (Failures? 
slarting with 
1976 data) 
G 60-110 mil 2096. Unknown Unknown 
Total 31 322 263 1614 
(C) Abrasion-resistant E 9 0 it] 
XLPE G Q.2 Li) 0 
Totat 9.2 0 0 
(D) Abrasion-resistant A 46 0 0 
HMWP E 697 () 0 
Total rk) ty) 0 
(E} PVC A 80 mit 10 0 1 
c C 0 0 
D Ww i) 0 
E tt] 0 0 
Total Wl 0 1 
(F) Rubber neoprene Cc 198. 0 0 
D 65 & 65 mil 1162 0 IE 
E 5/64 in 9 0 3 
Tota! 1456 0 14 
GRAND TOTAL 33 550.1 263 1633 
LAST YEAR’S GRAND TOTAL 34 973.9 225 1370 


* Insulated conductor miles (of circuit miles). 


* Some of these failures could have been rubber neoprene. but no record is available as to which type cable failed. More failures are 


being reported due to a computer-managed reporting system. 


* Cable insulation failed due to mechanical stress placed on it by the design of the connector. (A stainless-steel hose clamp around 


the insulation makes a quick fix.) 
(Data is from NUDC Report No. 17, October 8, 1984.) 


single-phase terminator) has been fairly constant over the last 
four years. Many of the recent problems were due either to 
molding problems of one manufacturer, cross-threading of 
connectors, or bad compression joints, These failures include 
units that were improperly installed, which is a significant 
number. The failures also include units that were replaced 
during maintenance due to problems such as visible tracking 
overheating, etc. (See Table V for complete data.) 


PriMarRyY CONNECTIONS 


This is the fifth year for the study of primary cable splices 
and primary load break functions. Since the data is relatively 
new the results should be used carefully. 
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The failure rate for 15-kV splices was 2.1 failures per 1000 
units (unit defined as one single-phase splice), compared to 
last year's 2.4 failures; the failure rate for 15-kV primary 
junctions was {.0 failures per 1000 units, compared to last 
year’s 1.3 failures. Splice failures over the last couple of years 
have been due mostly to the molding problems experienced by 
one manufacturer and to improper installation by line crews. 
(See Table VI for completed data.) 


PoLe Tor TERMINATORS 


The outstanding performer for all voltage classes (15 kV, 25 
kV, and 35 kV) is the molded rubber terminator. The failure 
rate is 0.06 per 1000 units (unit defined as one single-phase 
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TABLE V 
PLUG IN PRIMARY TERMINATORS (ELBOWS) 


Average 
Total Life 
Number Failures Failures Before 
Type Company on System This Year to Date Failure 
SE RC eT RS 
(A) Non-LB rubber, 15 kV A 65 0 0 
c 1628 0 3 
D 2302 0 4! 
E 6440 0 $1 
G 200 0 0 Unknown 
Total 10 635 0 100 
{B) —Non-LP rubber, A 107 0 0 
600 A-I5 kV c te) 0 0 
o 322 90 2 
E 1972 0 9 
G 25 0 0 
Total 3026 0 It 
{C) —_Non-LB rubber, c 33 0 9 
600 A-25 kV E ti) 0 0 
F iJ « e 
Total 33 0 0 
(D} Non-LB rubber, £ 0 0 0 
600 A-35 kV 
Total x» 0 0 
{E} Non-LB metal A 40 0 0 
Cc 15 0 I 
Total 55 0 1 
(F) LP rubber A 3t (38 18 168 
iS kV B 21 514 R 71 
Cc 40 997 27 231 
D 76 525 21 180 
E 160 $06 44 370 
F s e « 
G 24 179 2 15 
Totai 354 &59 144 1035 
(G) LB rubber, 25 kV 8B Mm? 4 19 
c 24311 5 27 
E tt] 0 0 
F e « e 
G 365 0 4 
Total 25 673 9 30 
(H) LB rubber, 35 kV A 2465 0 2 lyr 
¢c 2293 5 19 
E ™ 0 0 
Total 5488 5 2t 
GRAND TOTAL 399 799 158 1218 
LAST YEAR‘S GRAND TOTAL 371 119 160 1060 


* Accurate data not available. 
{Data is from NUDC Report No. 17, October 8, 1984.) 
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TABLE VI 
PRIMARY CONNECTIONS 
Average 
Total Life 
Number Failures Failures Before 
Type Company on System This Year to Date Failure 
Primary sptices—15 kV, A 13 454 48 443 10 yrs 
molded rubber B 7484 68 149 
Cc 17 624 6 IS 
D 21 481 4 35 
E 18 990 65 389 
G 11 813 3 25 
Total 90 846 194 1056 
Primary splices—25 kV, B 309 3 5 
moided rubber Cc 11 332 i] 3 
G £20 a) 4 
Total (2 168 4 12 
Primary splices—35 kV, A WN l 6 
molded rubber Cc 1057 0 16 
E 437 ty) 0 
G 32 0 0 
Total 2237 1 22 
GRAND TOTAL 105 244 199 1090 
LAST YEAR'S GRAND TOTAL 94 281 203 891 
Primary loadbreak junctions A 3474 3 138 4-8 years 
(lateral taps)—~I5 kV B 3224 18 Kt) 
Cc 7321 3 9 
D 8742 4 31 
E 30 555 19 213 
G 2103 0 2 
Total 55 419 57 423 
Primary loadbreak junctions B 42 1 4 
(lateral taps)—25 kV Cc 3587 3 7 
G 16 0 0 
Total 3645 4 in 
Primary Joadbreak junctions Cc 306 1 2 
{lateral taps)—35 kV E 261 0 
Total 567 1 2 
GRAND TOTAL 59 631 62 4% 
LAST YEAR'S GRAND TOTAL 55 195 W 374 


Note: Data on taped primary splices has been discontinued due to tack of data. 


{Data from NUDC Report No. 17, October 8, 1984.) 


terminator). The porcelain elastomeric type has a rate of 0.43 
per 1000 units. Overall the record for these devices is 
excellent. (See Table VII for complete data.) 


SECONDARY CONNECTIONS 


This is the sixth year of evaluating the different types of 
secondary connections 600 V and below made by the member 
utilities. This data should be used carefully due to the 
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difficulty in tabulating failures from previous years. The 
section on taped-insulated connections has been discontinued 
since the data is not dependable, Even though the data is new, 
the numbers on heat-shrink connections appear to be particu- 
larly interesting due to the failure rate of 0.002 per 1000 units 
(unit defined as one single-phase connection) for 1983 on 
513 280 units installed. This compares with the failure rate of 
0,00 per 1000 units for 1982. The failure rate for the molded 
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TABLE VII 
POLE TOP TERMINATORS 
Average 
Total Life 
Number Failures Failures Before 
Type Company on System This Year to Date Failure 
{A) Porcelain compound A 192 0 7 8 yrs 
c 125 i] 3 
iB] 115 0 0 
E th) 0 3 17 months 
Total 507 0 13 
(B) —— Porcelain epoxy E 125 0 3 
(C} = Porcelain clasiomer—15 kV B Unknown t 10 
c 1631 2 20 
D 2732 0 2 
E 25 522 iT] 230 Unknown 
Toral 37 126 16 271 
(D) — Porcetain elastomer—25 kV Cc 1320 2 12 
Total 4320 2 12 
{E) Porcelain elastomer--35 kV A 137 0 0 
E 448 0 0 
Total 585 0 0 
(F) Porcelain elastomeric ¢ 16 0 1 
compound 35 kV A 37 0 0 
Total 55 0 | 
(G) Modded rubber—15 kV A 1840 0 1 
B 14 389 2 15 
c 17 861 2 Res Unknown 
D 32 $76 2 a 2 yr 
F « s * 
G t0 045 0 2 
Total 76 68! 6 70 
(H} ‘Molded rubber—25 kV B 600 0 8 
c (2 064 0 7 
F ’ . e 
G 369 0 2 
Total 13 033 0 9 
(1) = Mokded mbber—35 &V A 107% 0 Q 
c 972 0 4 
G 40 0 0 
a e e 
Total 2083 0 4 
() = Taped A ” 0 ! 
c 0 0 0 
o 200 0 21 
Toual 229 0 22 
(K) Scotch 8343 A 227 0 23 
F 
Toral 227 0 23 
(L) Heat shrink—1$ kV E 9397 0 4 
7 0 0 
Toul 9404 6 4 
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TABLE VI] 
(Continued } 
Average 
Total Life 
Nuraber Faitures Failures Before 
Type Company on Systern This Year to Date Failure 
{M) Heat shrink—25 kV c 80 0 E 
Total 80 0 ! 
{N) Heat shrink—35 kV E 363 0 0 
c 21 1 3 
Total 384 ] 3 
GRAND TOTAL 141 839 25 436 
LAST YEAR'S GRAND TOTAL 133 271 21 411 
* Accurate data not available. 
(Data from NUDC Report No. 17, October 8, (984.} 
TABLE VII 
SECONDARY CONNECTIONS 
Average 
Total Life 
Number Failures Failures Before 
Type Company on System This Year to Date Failure 
(A) Molded rubber/ A 53 162 5 36 
plastic insulated B - _ - 
connections Cc 1093 0 2 
D 292 399 6 242 
E 155 284 2 171 
F e ry ° 
G 44 245 0 10 
Total 546 [83 13 461 
(B} Heat shrink A 47 987 i if I ye 
connections B - - _ 
c 147 184 Unknown Unknown 
D 53 100 0 ] 
E 263 009 0 6 
F e . e 
Total 513 280 t 18 
GRAND TOTAL 1 059 463 14 479 
LAST YEAR'S GRAND TOTAL 965 121 13 465 


* Accurate data not available. 
(Data from NUDC Report No. [7, October 8, 1984.) 


rubber-plastic units is 0.02 failures per 1000 units for 1983, 
which is the same as for 1982. (See Table VIH for data.) 
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SUMMARY OF CIGRE 13.06 WORKING GROUP WORLD WIDE RELIABILITY DATA AND 
MAINTENANCE COST DATA ON HIGH VOLTAGE CIRCUIT BREAKERS ABOVE 63 kv 


Cc. R. Heising 
U. S.A, 


E. Colombo 
Italy 


ABSTRACT 


A summary is given of the most significant 
reliability data and maintenance cost data 
from the two CIGRE 13.06 Working Group world 
wide reliability surveys of the reliability 
of high voltage circuit breakers 63 kV and 
above, The first enquiry covered the years 
1974 thru 1977 and included all 
interrupting technologies, The second enquiry 
covered the years 1988 thru 1991 and only 
included single pressure SF6 breakers, 


A description is given of the scope and 
objectives of the CIGRE 13.06 Working Group. A 
brief description is given of some of the 
highlights from their studies. 


INTRODUCTION 


CIGRE 13.06 Working Group carried world wide 
reliability studies on high voltage circuit 
breakers during the fifteen year period 1971 
through 1985. This included making the 
First International Enquiry on circuit breaker 
failures and defects in service. Studies 
were also made on new testing and 
maintenance methods for improving the 
reliability of high voltage circuit breakers, 
This work ia reported in three CIGRE Study 
Committee No. 13 final reports [1] [2] {3]. 
Some of the CIGRE 13.06 WG recommendations 
have resulted in changes in International 
Standards for high voltage circuit breakers. 


SCOPE AND OBJECTIVES OF NEW CIGRE 13.06 WG 


In 1986 a new CIGRE 13.06 Working Group was 
get up on "Reliability of High Voltage 
Circuit Breakers" in order to obtain detailed 
information on circuit breaker performance in 
service as well as possible measures to 
improve the reliability and to reduce the 
maintenance costs. Two major tasks were 
undertaken: 


1. Conduct a Second International Enquiry on 
the in service reliability of SF6 single 
pressure high-voltage circuit breakers with 
rated voltages 72.5 kV and above. 


2. Study the parameters for permanent 
supervision in service as well as relevant 
diagnostic methods, 


The results of the Second International 
Enquiry on circuit breaker failures and 
defects in service show the change in 
reliability since the First Enquiry. 
Monitoring and diagnostic methods aim to 
improve the reliability of operation and 
contribute to reducing the cost of main- 
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tenance. Studies on monitoring and diag- 
nostic methods include all circuit breaker 
technologies because there is interest for 
both new and older circuit breakers, 


Four papers have been published during 1992 
to 1994 on the results of these studies([4] 
[5] (6) (7]. In addition,a Technical Brochure 
has been published {8] that gives extensive 
details on the reliability of high voltage 
circuit breakers above 63 kV and the changes 
in reliability that have occured during the 
fourteen year interval between the First and 
Second International Enquiries. 


CIRCUIT BREAKER RELIABILITY DEFINITIONS 
USED IN TWO INTERNATIONAL ENQUIRIES 


The CIGRE 13.06 WG wrote circuit breaker 
reliability definitions in 1971 for "failure," 
“major failure," "minor failure," and 
"defect." These definitions were used in both 
the First and Second International Enquiries 
and are given in Table 1, Thus world wide 
reliability definitions have existed for 
feveral years for high voitage circuit 
breakers and are now included in technical 
report IEC 1208 (1992) "Guide for High~Voltage 
Alternating Current circuit Breaker 
Maintenance" by TC17 on Switchgear and 
Controlgear. It can be seen that the term 
“circuit breaker major failure" is 
equivalent to what Bystem planning people 
would call a "forced outage." 


The term "circuit breaker downtime" was 
clearly defined in the Second International 
Enquiry as "time from discovery of the 
failure untii the breaker is returned to 
service, exclude deliberate delays." In the 
First International Enquiry "circuit breaker 
downtime" was calculated by adding two terms: 
{1) “time required to analyse the failure or 
defect, repair and return the circuit breaker 
to service, exlude deliberate delays," plus 
(2) "time required to get to site and obtain 
spare parts, exclude deliberate delays." This 
change in definition of “circuit breaker 
downtime" was made in the Second Enquiry 
because it was believed that some respondents 
in the First Enquiry may have misinterpreted 
what was asked for. However, it should be 
noted that deliberate delays for repair of the 
circuit breaker have been excluded in both 
enquiries when calculating "circuit breaker 
downtime." 


RELIABILITY DATA FROM FIRST ENQUIRY 
A total of 102 electric utilities from 22 


countries submitted data on 20,000 circuit 
breakers above 63 kV. This included breakers 
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of all technologies. Data were collected for 
the years 1974-77 on circuit breakers 
installed after January 1, 1964. This gave a 
total of 77,892 breakers-years of service 
during the four year period, This was a 
pioneering effort that required the devel- 
opment of: (1} reliability and maintenance 


definitions , (2) survey questionaire, and 
(3) the method of analysis of the data, 
This encouraged utilities to develop a 


failure reporting system. Countries sub- 
mitting data were: Australia, Belgium, Brazil, 
Canada, Czechoslovakia, Denmark, Finland, 
France, Federal Republic ofGermany, Greece, 
Ireland, Italy, Japan, Morocco, Netherlands, 
New Zealand, Norway, Portugal,Spain, Sweden, 
United Kingdom, and Yugoslavia, The results 
from this First InternationalEnquiry were 
published in "Electra" [1]. 


The failure rate and downtime data are 
summarized in ‘able 2 with the data for major 
failure rate and minor failure rate shown 
separately. Average downtime data and the 
median downtime data are given for major 
failures. 


RELIABILITY DATA FROM SECOND ENQUIRY 


The enquiry includes the years 1968 thru i991 
and was limited to single pressure SF6 circuit 
breakers because moat of the new breakers at 
these voltage levels now being purchased by 
electric utilities use this technology. The 
questionaire [8] [9] was revised to be 
simpler than for the First Enquiry. 


Data were collected for 1988 thru 1991 from 


132 utilities in 22 countries on about 18,000 
circuit breakers applied at 63 kV & above 
placed in service after January 1, 1978. 


There were a total of 70,708 breaker-years of 
service during the four year period. 


Countries submitting data were: Australia, 
Austria, Belgium, Brazil, Canada, Czechoslo- 
vakia, Finland, France,Germany, Italy, Japan, 
Netherlands, New Zealand, Norway, Paraguay, 


Rumania, Sweden, Switzerland, United Kingdom, 
United States of America, Union of Soviet 
Socialist Republics, and Yugoslavia. 


Table 3 shows the major and minor failure 
rates separately. Average downtime data and 
median downtime data are given for major 
failures. 


The questionaire for the Second Enquiry 
contains the additional major failure mode 
®locking in open or closed position." A study 
of this "locking" data indicates that about 
13% were found during a command to open, 
about 37% were found during a command to 
close, and 50% were found by an alarm during 
normal service. 


ORIGIN, CAUSE, FAILURE MODES, OPERATING-CYCLES 

Tables 4 and 5 show the major and minor 
failure modes for the two enquiries. Table 6 
shows the origina of failures, and Table 7 
shows the causes of failures. 


Table 8 shows the estimated average number of 
operating-cycles per year per breaker from the 
two enquiries, 
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DATA FOR USE IN SUBSTATION AND 
SYSTEM RELIABILITY STUDIES 


Data from Tables 2 and 3 from the First and 
Second Enquiries have been used respectively 
to calculate the data shown in Tables 9 and 
10. In both cases the major failures that 
ececured during a command to open or close 
have been separated out from those that 
accurred without a command to open or close; 
this has been used along with the operating- 
cycles per year data to calculate the 
reliability data that is given in Tables 9 
and 10, This shows the average number of 
major failures per 10,000 open commands or 
¢lose commands of: "does not open on 
command", "does not break the current", "does 
not close on command", “does not make the 
current," These final results in Table 10 
from the Second Enquiry can be compared with 
Yable 9 from the First Enquiry. A footnote in 
each table gives the data for the two failure 
modes: “closes without command” and "breakdown 
across open pole;”" these failure rates are 
very low, but may have a serious consequence 
when they occur on a power system. 


COMPARISON OF RELIABILITY DATA BETWEEN 
THE FIRST AND SECOND ENQUIRIES 


The final results from the Second Inter- 
national Enquiry for 1988 thru 1991 show that 
modern single-pressure SF6 circuit breakers 
applied at 63 kV & above have a major failure 
rate that is only 43% as much as older 
technology circuit breakers reported in the 
First International Enquiry for 1974-1977. 
the largest improvement has occurred at 
voltages above 200kV where the reported 
major failure rates are less than one-third 
as much. The minor failure rates are 30% 
higher in the Second Enquiry. 


It is believed that utilities do a better job 
of collecting failure data now than was done 
during the First Enquiry. The biggest 
improvement is believed to have occurred in 
the collection of data on minor failures. 


The “estimated average number of operating- 
cycles per year per breaker" were 42 and 26.5 
respectively from the Second and First Inter- 
national Enquiries, These values have an 
effect on the calculated probabilities of 
breaker major failures per operating command, 
The Second Enquiry calculated the average 


number of operating-cycles per year per 
breaker by weighting each breaker equally. 
This is a better method than used in the 


Firat Enquiry where each questionaire answer 
was weighted equally, and some answers 
contained many more breakers than other 
answers. It is not believed that there has 
been a significant change in the number of 
operating-cycles per year per breaker between 
the First and Second Enquiries. If 42 
operating-cycles per year per breaker had been 
used to calculate the probabilities of breaker 
major failures per operating command for the 
First Enquiry, the probabilities shown in 
Table 9 would have been lower by a factor of 
1.58. 


Tabies 10 and 9 can be compared to show the 
number of major failures per 10,000 cycles, 
where a cycle is one open command plus one 
close command. For ail voltages combined the 
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Second Enquiry shows 0.829 versus 3.06 for the 
Firet Enquiry and is a factor'of 3.7 lower. 
But 1.58 of this improvement is explained in 
the previous paragraph because of using an 
estimated average of 42 operating-cycles per 
year per breaker versus 26.5 from the Firat 
Enquiry: and 3.7 divided by 1,58 equals 
2.33. Thus the number of major failurea per 
10,000 cycles has decreased by at least a 
factor of 2.33. 


COMPARISON OF BREAKER DOWNTIME DATA PER MAJOR 
FAILURE BETWEEN THE FIRST & SECOND ENQUIRIES 


The Second Enquiry had an average downtime of 
94.6 hours per major failure versus 81.6 in 
the Firat Enquiry. But the median downtime 
was only 10.0 hours hours in the Second 
Enquiry versus 12.0 in the Firat Enquiry. Both 
enquiries show a highly skewed distribution 
where a small number of long downtimes result 
in the average being between about seven to 
nine times larger than the median value. Some 
people have questioned why the Second Enquiry 
had a longer downtime than the First Enquiry, 
A special detailed study has been made of the 
downtime data from the Second Enquiry. The 
increase in breaker downtime for SF6 single 
pressure breakers ig primarily due to a much 
longer "time to obtain spare part." 64% of 
the 94,6 hours per failure of average breaker 
downtime for "all voltages combined" can be 
attributed to “time to obtain spare part." 
Thiga would appear to be due to the policies of 
electric utilities on spare parte rather than 
the ability to repair the breaker, In 9% of 
the reported cases the "time to obtain spare 
part" was longer than the breaker downtime; 
thie would indicate that the breaker was often 
Placed back in service or was replaced before 
the spare part was obtained, The special 
study aleo found that there does not appear to 
be any significant difference in the breaker 
downtime between metal-enclosed and non-~ 
metal-enclosed SF6 breakers, 


Data were not collected in the Second Enquiry 
on the breaker downtime for minor failures. 
This data were collected in the First Enquiry? 
and the average was 30.0 hours per minor 
failure with a median of 6.0. 


SUBSTATION AND SYSTEM RELIABILITY STUDIES 


The data in Tables 9 and 10 are a credible 
source of data based upon a large sample size. 
They can be vaed in substation and system 
reliability studies, Very few reliability 
studies use all of the breaker failure modes 
given in this data, The circuit breaker is 
the most difficult component to handle when 
making substation or syeatem reliability 
studies because of the many different breaker 
functions and the associated failure modes. 


Xs ie the major failure rate without a 
command to operate. 63% of these failures for 
all voltages combined include the failure 
modes: alarm-locking in open or closed 
position, fails to carry the current, other 
requiring manual removal from service within 
30 minutes, These might be assumed to be 
passive failures. The other 37% might be 
aspaumed to be active major failures 
{breakdown to earth, breakdown between poles, 
breakdown across open pole, closes without 
command, opens without command). 
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oN is the major failure rate during 
commande to operate, either for awitching or 
to remove faults. 


rer + Ace is the probability of not 
opening on command or not breaking the current 
during manual or automatic opening to perform 
awitching or to remove a fault, This could 
be considered the breaker stuck closed proba- 
bility. 

Aca + ey i8 the probability of not 
closing on command or not making the current 
during manual or automatic closing or 
reclosing. This could be considered the 
breaker stuck open probability. 


The dominant breaker failure mode is "does not 
close on command" and should not be neglected 
in substation or system reliability studies. 
This failure mode: {1) can prevent equipment 
from being switched into service when needed, 
(2) can cause a transient line outage to 
become a permanent outage, or (3) can cause 
an outage of a line or generator to be 
extended beyond the normal outage time. 


The failure mode "closes without command" has 
a very low failure rate, But its occurence 
sometimes results in all of the back up 
protection being defeated and in some cases 
has been the cause of major blackouts. The 
failure mode “breakdown across pole” has the 
highest electrical failure rate of the main 
interrupter; and backup protection must 
operate to remove the fault. The failure 
rates of “closes without command" and 
“breakdown across open pole” are both very 
low; but they can be larger than the double 
contingency failure rates typically calculated 
for other component combinations in a 
substation reliability study. 


COST OF SCHEDULED SERVICING OF OLDER 
TECHNOLOGY BREAKERS 


Table 11 shows the cost of scheduled servicing 
of older technology breakers (minimum oil, air 
blast, SF6, bulk oil, etc) that was collected 
from the First International Enquiry [1] for 
the years 1974-1977. The costs are shown 
separately for the labor effort and for the 
Spare parts consumed. The 10, 50, and 90 
percentiles cost values are given along with 
the average cost value for each voltage 
category. The number of data points in each 
voltage category ranged from 69 to 138. It 
can be seen that there is a wide variation 
between the 10 and 90 percentiles cost values 
for the labor effort, typically as much as gix 
to one or more, There ig even a wider 
variation in the costs of the spare parts 
consumed, These cost values indicate that 
many ugers of high voltage circuit breakers 
may be doing more scheduled maintenance than 
needed. In some cases it might be possible to 
reduce the maintenance effort without the use 
of additional diagnostic techniques. In other 
cases it might be desirable to use additional 
diagnostic techniques in order to detect 
degradation of the most probable failure modes 
before they occur in service[4}(5]. Table 11 
gives data that can be used to assist in 
estimating the maximum cost savings that 
might be possible from using diagnostic tech- 
niques on older technology circuit breakers, 
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COST OF SCHEDULED OVERHAUL OF MODERN 
TECHNOLOGY BREAKERS 


Table 12 showa the estimated cost of 
scheduled overhaul for single pressure SF6 
breakers that has been collected during the 
four years (1986-1991) of the Second 
International Enquiry. The costa are shown 
Beparately for the labor effort and for the 
spare parta consumed for each voltage category 
along with the 10, 50, 90 percentile and 
average values. The number of data points in 
each voltage category ranged from 179 to 601. 
The data on the interval betweeen scheduled 
overhaul show that the 50 percentile value 
ranged from 6. to 8.5 years for the various 
voltage categories, but the 90 percentile 
value ranged from 12.0 to 15.0 years for all 
voltage categories. Most manufacturer's quote 
longer overhaul intervals than 8. years, and 
many utilities may not yet have sufficient 
confidence to fully exploit the longer 
overhaul interval possible with modern 
technology single pressure SF6 breakers. The 
variation in the labor costes ranged by a 
factor of six to one or more, and the spare 
parts consumed ranged by a factor or more than 
twenty to one; many of these utility estimates 
maybe based upon very limited experience 
with overhaul of single pressure SF& breakers, 


TIGHTNESS OF SF6 GAS SYSTEM 


Table 6 shows that the tightness of the SF6 
gas system was the origin of both minor and 
major failures in the Second Enquiry on SF6 
single-pressure breakers. This included 39.6% 
of the minor failures and 7.2% of the major 
failures. The data in. Table 5 show that 
1297 minor failures were due to small SFé6 
leakage, and this was 398 of all minor 
failurea, The minor failure rate for these 
1297 failures is .018 per year per breaker, 


There was a total of 33 major failures with 
the origin in the tightness of the SF6 gas 
system, and Table 13 shows the failure modes 
that resulted, 18 resulted in "locking in 
open or closed position" and 5 resulted in 
“opens without command," The major failure 
rate for these 33 failures is .00025 per year 
per breaker and is very low. 

used to detect 


A density monitor is SF6 gas 


leaks, and this is the primary resson why 
most of the tightness failures are minor 
failures, However, 357 failurea have 


also been reported of the density monitor. 


Reliability improvements are needed in both 
the SF6 gas tightneas system and in the gage 
density monitor. 


FAILURE RATE OF METAL~ENCLOSED VERSUS 
NON-METAL ENCLOSED CIRCUIT BREAKERS 


Table 13 shows a comparison of the failure 
ratea from the Second Enquiry of metal- 
enclosed (ME) versus non-metal~enclosed 
Circuit (NME) breakers for "all voltages 
combined, 100 kV and above." Most of the ME 
breakers are part of gas insulated stations, 


The ME SF6 single-pressure breakers, 100 kV & 


APPENDIX J 
considered significant because it is mostly 
due to data from one country witha large 


population. 
GENERAL CONCLUSIONS AND RECOMMENDATIONS 


CIGRE 13.06 Working Group has collected and 
analysed world wide reliability data on high 
voltage circuit breakers applied on networks 
at 63 kV & above. These data are a large 
Sample size and can be useful in aubstation 
and system reliability studies, Two important 
contributions to the knowledge of circuit 
breaker reliability are: (1) the failure mode 
data, and (2) the calculations of proba- 
bilities of not responding properly to an 
operating command to open or to close. The 
1974-1977 data can be used for older 
technology circuit breakers, and the 
1988-1991 data show the improvement that has 
been achieved with new technology single- 
pressure SF6 breakers, The major failure 
rate for modern SF6 single-pressure breakers 
je only about 43%as much as older technology 
breakers, and for voltages above 200 kv it is 
only one-third as much. Substation and 
aystem reliability studies should pay 
attention to this improvement. The lower 
major failure rate of circuit breakers may 
influence both the lay-out of primary plant 
and secondary systems. 


The minor failure rate for modern SF6& breakers 
in the Second Enquiry is about 30% higher than 
for older technology breakers in the First 
Enquiry. Possible reasons for this may be: 
{1) better failure data collection by 
utilities and (2} increased number of alarms 
and (3) SP6 leakage problems. 


The largest number of major failures on modern 
SF6 breakers occur on the operating mechanism 
and on the electrical auxiliary and control 
edreuits. The largest number of minor 
failures occur from leaks on the SF6& gas 
Bystem and from problems on the operating 
mechanism. Reliability improvemente are 


needed on: (1) operating mechanism, (2) SF6 
tightness, (3) electrical auxiliary & control 
circuita. The gas density monitor also needs 


improvement in reliability because the SF6 
gas density is the most important parameter 
to monitor. The operating mechanism is also 
an important parameter to monitor, 


Design and manufacture are the cause of about 
50% of the failures of modern SF6 breakers. 


Improved access to spare parts by utilities 
could significantly improve breaker avail- 
ability by reducing the downtime after major 
failures. 


The circuit breaker reliability definitions 
that were firet written in 1971 are now 
accepted and used world wide. Thus it logical 
that these definitions become standards of the 
International Electrotechnical Comission 
{IEC) under Technical Committee No. 17 on 
Switchgear and Controlgear. It is recommened 
that the existing technical report IEC 1208 
{1992} on “Guide for High-Voltage AC Circuit 
Breaker Maintenance" be upgraded to an IEC 
standard after the three trial period is 
completed. 
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TABLE 1 - CIRCUIT BREAKER RELIABILITY DEFINITIONS 


1. FAILURE - Lack of performance by an item 
of ite required functions, 

Note: The occurenceofa failuredoes not 
necessarily imply the presence of a defect 
if the stress or the stresses are beyond 
those specified. 


2-MAJOR FAILURE (OF A CIRCUIT-BREAKER} — 


Complete failure of a circuit-breaker which 


causes the lack of one or more of its 
fundamental functions. 

Note: A majorfailure will result in an 
immediate change in the system operating 
conditions e. g., the backup protective 
equipment being required to remove the fault, 


3. MINOR FAILURE (OF A CIRCUIT-BREARER) - 
Failure of circuit-breaker other than major 
failure; or any failure, even complete, of a 
constructional element or a sub-assembly 
which does not cause a major failure of the 
circuit-breaker. 


4. - Imperfection in the state of an 
item (or inherent weakness) which can result 
in one or more failures of the item itself 
Or of another item under the specific 
service or environmental or maintenance 
conditions for a stated period of time. 


5. CIRCUIT-BREAKER DOWNTIME - Time from the 


or, will result in mandatory removal from 
service for non echeduled maintenance 
{intervention required within 30 minutes). 


discovery of the failure until the breaker 
ie returned to service. 


TABLE 2 - FAILURE RATES AND DOWNTIME DATA FOR 
HIGH VOLTAGE CIRCUIT BREAKERS ABOVE 63 kV 
(from CIGRE 13-06 Working Group First International 
Enquiry, 1974-1977, All Interrupting Technologies) 


~--*MINOR FAILURE RATES--- 


Major 
Failures Sample 

Size Number 
Breaker of 


Years Failures* 


46,272 1,641 
24.716 409 
13,915 $81 
5,614 359 
1,682 275 

345 17 


Failurea*t 
per 
Breaker 
Year 


Breaker Major 
Years Failures 


per Failure 
Average Median 


VOLTAGE 


81.6 
29.3 
94.4 
58.5 
83.8 
142.0 


12.0 
$.0 
___12.0 
11.0 
11.0 
27.0 


437 
257 
283 
116 


* Minor failures plus defects 
** 45 of the 1,231 major failures had a fire and/or explosion 
*** Downtime includes: time required to get to site, analyse the failure, 
obtain spare parts, repair and return circuit breaker to service. 
Deliberate delays have been excluded. 


TABLE 3 ~ FAILURE RATES AND DOWNTIME DATA FOR SINGLE-PRESSURE 
HIGH-VOLTAGE CIRCUIT BREAKERS APPLIED ABOVE 63 kV 
(Final Reaults from CIGRE 13-06 Working Group 
Second International Enquiry, 1988-1991) 


wnenee MAJOR FAILURE RATES------- 


RE 
Hours Downtime 
per Failure VOLTAGE 
Average Median kV 


Failures* 
per 
Breaker 
Year 


Breaker 
Years 


94.6 10.0 
39.1 24.0 
51.1__10.0 
54.6 8.0 
162.5 10.0 Vv <500 
209.4 36.0 v 


Voltages 
£V $100 24,355 
V ¢200_ 23,520 
Vv <300) «10,933 


70,708 


9,917 
1,983 


* Minor failures plus defects 
** 31 of the 475 major failures had a fire and/or explosion 
**#* Downtime includes: time from discovery of the failure until the 
breaker is returned to service, exclude deliberate delays. 
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TABLE 4 - MAJOR FAILURE MODES OF HIGH VOLTAGE 
CIRCUIT BREAKERS (Results from CIGRE 13-06 WG 
Enquiries - All voltages, Above 63 kV) 


lst 2nd 
Enquiry 


a 
nN 
aroe 


Does not close on command 
Does not open on command 
Closes without command 
|__Opens without command 
Does not make the current 
Does not break the current 
Fails to carry the current 
Breakdown to earth 
Breakdown between poles 
__Breakdown across open pole, internal 
Breakdown across open pole, external 
Locking in open or closed position 
Other failure necessitating 
intervention within 30 minutes 


mw 
Pa 


ere ee ee 


AUNUAUNMUNONOoOWwWn 


oe e 


1 
| 


ROH WR wWRwe 


3 
4 
1 
5 
1 
1 
2 
2 
tt] 
4 
1 


w 
roy 
« me oe e we 
i=] NOWNAUW OA NY Wes 
aN) 
owee 


. 


Number of Answers 
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TABLE 5 - MINOR FAILURE MODES* OF 
HIGH VOLTAGE CIRCUIT BREAKERS 
{Results from CIGRE 13-06 WG Second 
Enquiry - All Voltages, Above 63 kV) 


30. Air or hydraulic leakage in 
operating mechanism 
16. Small SF6 gas leakage due 
to corrosion 


23. %Small SF6 gas leakage due 
to other causes 
16. Change of functional 
characteristics 
15. Others 


3332 Number of Answers 


* Data not collected in First Enquiry 


* "Locking" failure mode data not collected in 1st Enquiry. 


Special study of 2nd 


Enguiry data found that half of "Locking" failures should probably have been 
reported as "does not close on command" (37%) or "does not open on command" (13%). 


TABLE 6 - ORIGIN OF FAILURES OF HIGH VOLTAGE CIRCUIT BREAKERS 
(Results from CIGRE 13-06 WG Enquiries - All Voltages, Above 63 kv} 


Major Failures 
ist 2nd 
Enquiry 


Mechanical in Operating Mechanism (Farthed) * 
Mechanical in Other Parts of Circuit Breaker 


Electrical (Main circuit 


Electrical Auxiliary and Control Circuit 


Tightness of SF6-Gas System 
461 Number of Failures 


* Not specified in Firet Enquiry 


TABLE 7 - CAUSE OF MAJOR AND MINOR FAILURES OF HIGH 
VOLTAGE CIRCUIT BREAKERS (Results from CIGRE 13-06 
WG Enquiries - All Voltages, Above 63 kv) 


Major Minor 
Failures Failures 
ist 2nd 1st and 
Enquiry Enquiry 


25.4% Design 
Design & Manufacture 
Manufacture 
Inadequate Instructions 
Incorrect Erection 
Incorrect Operation 
Incorrect Maintenance 
Stresses Beyond 
Specification 
Other External Causes 
Other 


#5258 
28.7% 
1.1% 
8.2% 
6.0% 
2.64 


0.3% 
10.7% 
0.2% 
4.5% 


3.4% 


5.4% 
19.0% 29.4% 


464 1604 


* Pirst Enquiry combined "Design” and “Manufacture" 


0.7% 
1.7% 


Number of Failures 


3294 
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Minor Failures 
dst 2nd 
Enquiry 


39.4% 
85.68% 9.9% 
2.7% 0.9% 
11.7% 10.2% 

7 39.6% 


1602 3233 


TABLE 8 - ESTIMATED AVERAGE NUMBER 
OF OPERATING-CYCLES PER YEAR PER 

BREAKER {Results from CIGRE 13-06 WG 

Enquiries - All voltages, Above 63 kv} 


AVERAGE 

10% PERCENTILE 
25% PERCENTILE 
MEDIAN 

75% PERCENTILE 
90% PERCENTILE 
$5% PERCENTILE 
MAXIMUM 


No. of Breakers 


*64,676 


No. of Answers #422 

* Firat Enquiry weighted each answer 
equally and Second enquiry weighted 
each breaker equally 
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TABLE 9 - RELIABILITY DATA ON HIGH VOLTAGE CIRCUIT BREAKERS 
ABOVE 63 kV THAT CAN BE USED IN SYSTEM RELIABILITY STUDIES 
(from CIGRE 13-06 Working Group First International 
Enquiry 1974-1977, All Interrupting Technologies) 


1. Major Failures per Open Command Xe + re 
2, Major Failures per Close Command Acs + New 


3. Major Failures per Cycle** Ae = Aer trAce + Nes + vce 


4. Average Number of Cycles** per Year C 

5, Major Failures per Breaker-Year During Commanda to Open or Close Ne 

6, Major Failures per Breaker~Year Occuring without A Cc nd to Open or Close Xs 
7. Total Major Failures per Breaker-Year Xm As + Che 


omma en C) en Major Average 

MAJOR FAILURES FAILURES Failures |Number of 
PER 10,000 PER 10,000 

OPEN COMMANDS CLOSE COMMANDS 


All Vott. 0077 ##* 
63£V<100 0022 
1004V<200 0078 
0119 


0219 
9.75% 0.00% 0436 


NOTES 
* Small sample size in failure mode data ~ less than 8 failures 
** A cycle is one open command and one close command 
#*#* Approximately 10.7% of these major failures are "breakdown across open pole” and 
another 3.5% are "closes without command® 


TABLE 10 - RELIABILITY DATA ON SINGLE-~PRESSURE HIGH VOLTAGE CIRCUIT 
BREAKERS APPLIED ABOVE 63 kV THAT CAN BE USED IN SYSTEM RELIABILITY STUDIES 
(£rom CIGRE 13-06 Working Group Second International Enquiry 1988-1991} 


Assumes that 13% of the "Locking" Failures Occured After a Command to Open 
and Another 37% of the "Locking" Failures Occured After a Command to Close 


re Cc 


oma Major Average 


WY mi" at 
MAJOR FAILURES MAJOR FAILURES Pailures 
PER 10,000 PER 10,000 
OPEN COMMANDS CLOSE COMMANDS Cycles** 


0.192 0.048 ~00324ee8 

0.077 0.000% & . 00156 

0.161 0.043% 00286 

0.229 0.07%* 00407 -00814 
0.524 0.113* < 00575 201210 
0.506* 0.336* 0.951 0.112% -011106 01967 


NOTES 
* Small sample size in failure mode data ~ less than 8 failures 
** A cycle is one open command and one close command 
**® Approximately 10.6% of these major failures are “breakdown across open pole" and 
another 2.2% are "closes without command" 
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TABLE 11 ~ AVERAGE COST OF SCHEDULED SERVICING of HIGH VOLTAGE CIRCUIT BREAKERS 
ABOVE 63 kV FROM FIRST INTERNATIONAL ENQUIRY FOR YEARS 1974-1977 
(Includes Ordinary Servicing and Detailed Servicing for All Technology Breakers) 


Interval 

Between 

Scheduled --Spare Parts Consumed*-- 

Servicing 10 50 10 50 90 
Average Median VOLTAGE Average ---Percentile--- | Average --~Percentile--- 


kV MANHOURS PER BREAKER/YEAR | MANHOURS PER BREAKER/YEAR 


5.0 17,5 30,0 
10.1__30.0__72.0 
15.0 44,0 120.0 
13.6 50.0 169.0 


NOTES 
* Each country converted the cost of spare parte consumed into equivalent 
manhours using their labor rate. This reaulted in manhours being used as 
an international currency for both labor effort and spare parts coneumed, 


DEFINITIONS IN TABLE 11 

ORDINARY SERVICING - Servicing scheduled according to given operational conditions 
which would include a check of the operation measurement of the principal control 
devices, the measurement of the characteristics of insulation and arc~extinguishing 
media, cleaning, washing, lubricating, tightening, adjusting, replacing worn parte 
in accordance with given instructions, and the measurement of the operation 
characteristics such as lock-out pressures, operating time, insulation of 

auxiliary circuits, etc 


DETAILED SERVICING - Scheduled servicing in accordance with the given instructions 
necessitated by long service, large number of operations, etc. It will include a 
more detailed examination of all the parts than carried during Ordinary Servicing. 


TABLE 12 - ESTIMATED COST FOR SCHEDULED OVERHAUL of HIGH VOLTAGE CIRCUIT 
BREAKERS ABOVE 63 kV FROM SECOND INTERNATIONAL ENQUIRY - YEARS 1998-1991 
{Includes Scheduled Overhaul for Single Pressure SF6 Circuit Breakers) 


Interval Between 
Scheduled Overhaul -~Spare Parte Consumed*t-- 


10 50 90 10 50 10 50 90 
Average --Percentile-- VOLTAGE Average ---Percentile--- | Average ~--Percentile--- 


BREAKER/YEAR 


NOTES 
* Each country converted the cost of spare parts consumed into equivalent 
manhours using thelr labor rate, This resulted in manhours being used ae 
an international currency for both labor effort and spare parts consumed. 


DEFINITION IN TABLE 12 ; 

OVERHAUL - Work done with the objective of repairing or replacing parts, 
which are found to be below standard by inspection or test or as required by 
manufacturers maintenance manual, in order to restore the component and/or the 
circuit-breaker to an acceptable condition, 


2233 


382 Copyright © 1998 IEEE. All rights reserved. 


Appendix K 
Report of Circuit Breaker Reliability Survey 
of Industrial and Commercial Installations 


By 
A. T. Norris 


IEEE Industrial and Commercial 
Power Systems Technical Conference 
Chicago, TL, May 8-11, 1989 


Reprinted from IEEE Conference Record 
89CH27738-3, pp. 1-16 


Copyright © 1998 IEEE. All rights reserved. 383 


This page is intentionally blank 


REPORT OF CIRCUIT BREAKER RELIABILITY SURVEY 
OX INDUSTRIAL AND COMMERCIAL INSTALLATIONS 


Andrew Norris (coordinating Author)? 


CIRCUIT BREAKER RELIABILITY WORKING GROUP 

POWER SYSTEMS RELIABILITY SUBCOMMITTEES 

POWER SYSTEMS ENGINEERING COMMITTEE 

INDUSTRIAL & COMMERCIAL POWER SYSTEMS DSPARTMENT 
IGEE INDUSTRY APPLICATIONS SOCIETY 


ABSTRACT 


The Reliability Subcommittee of the 
IESE Industry Applications Society 
initiated a survey of the reliability of 
eirouit breakere in induetrial and 
commercial ineatallationa in keeping with 
ite commitaent to update information on 
previous surveys. The survey was 
restricted to circuit breakers that are 
lesa than fifteen (15) years old, and 
excluded molded case breakers, in order 
to provide information on unite of 
interest and to obtain information on new 
circuit breaker technologies. 


A more detailed explanation on 
reasons for thie survey ie included in 
the appendix. 


IATRODUCTION 


The reeulte of the survey conducted 
in 1985 on the reliability of circuit 
breakers in industrial and commercial 
inetallatione are eunearized in the 
attached tables. The data obtained 
includes information on estimated nusbers 
of operations per year for both fauit and 
non-fault situations. Information has 
also been collected on low voltage 
circuit breakers comparing etatic and 
electro-mechanical integral trip devices. 


Each table is discussed to highlight 
resulte of the survey. It ie the intent 
of thia working group to preeent the 
results ac updated information on 
industrial applications and the drawing 
of definite conclusions is left to the 
reader. 


The reasons for conducting the 
survey were written down at the beginning 
and are included in the appendix. Some of 
these objectives were not achieved due to 
the small number of participants in the 
survey. It was not possible to determine 
the effect of preventive maintenance on 
failure rate. Ineufficient data were 
eubeitted on vacuum and single-pressure 
Sf~-6 circuit breakers. 


1 The Author ta with the University of 
Missouri - Colusbia, Missouri 65211 


Mesbers of the Circuit Breaker 
Reliability Working are Andrew T. Norris 
(Chairman), James W. Aquilino, William Ff. 
Braun, Jr., Cherles BR. Heising, Don 0. 
Koval, Lou D. Monaghan, Pat O°Donnell, 
A.D. Patton, and Peter W. Dwyer. 
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SURVEY RESPONSE 


The survey questionnaire, along with 
the Reasons For Conducting a New Survey 
on Gireuilt Breaker Reliability, is 
included in the appendix. 


Due to the low number of responses, 
13 plant locations, no atteppt wae sade 
to separate failures by induatry types. 
While the number of respondents wae lesa 
than hoped for, the questionnaires were 
all fully completed for the requested 
data, with only one (1) “unknown” entry 
listed which was for a failure duration. 


The following list provides a 
summary of the survey responses 


No. of Plants 13 
No. of Circuit Breakers 2137 
Sample Size (unit years) 4097.17 
Total no. of Failures 59 


The emall sample size of the data 
received limited the results that are 
being published to four equipment/voltage 
categories. A apecial note is made in the 
tables where the nupber of failures in a4 
specific category is considered an 
inadequate aample seize. Less than 8 
failures has been coneidered as an 
inadequate aample eize. 


OVERALL SUMMARY OF 
RELIABILITY DATA 


Table 1 summarizes. the overall 
reeulte by voltage class. The low number 
of failures (4) in the 601 volt to 15,006 
volt circuit breaker class makes this 
failure rate data of questionable 
validity. 


Thia survey shows an increase in the 
failure rate per unit-year, in the 0-600 
volt clase, of nearly 3 times the value 
shown in the 1973 eurvey. There ie, 
however, a large reduction in the average 
and maximum failure duratione of 30% and 
99.5% respectively. 


LOCATION 


Table 2 shows the effect of outdoor 
ve. indoor location on the failure rate 
of 0 - 600 volt circuit breakers. The 
failure rate was 1.54 times higher for 
outdoor circuit breakere. 
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INTEGRAL TRIP 


Table 3 compares the integral trip 
unit type on the failure rate for 0-600 
volt circuit breakers. The failure rate 
of etatic type integral trip unite is 36% 
of the electromechanical unite. 


FAILURE MODE 


Table 4 showe the failure modes for 
circuit breakere reported in the survey. 
It jie noted that there were only two 
instances of units that “failed to open 
on command”, and no occurrences of 
“closes without command”. In the 0-600 
volt clase all circuit breakers reported 
had an integral trip device. The circuit 
breakers with a static integral trip 
device were aplit between “failed to 
close on command" (44%), and “opens 
without command" (56%). Cirouit breakera 
with electro-pechanical type of integral 
trip device had avery large portion 
(93%) of the failures reported to be 
“failed to close on command”. 


FALLORR INITIATING CAUSR 


Table 5 shows the primary failure 
initiating cause reported for both 34.5- 
138kV and 345k¥ circuit breaker groupe as 
“mechanical breakdown” as S6% and 65% 
respectively. The 0-800 volt circuit 
breaker group shows “malfunction of 
protective relay or tripping device” to 
be the major category at (93%) for unite 
with electro-mechanical integral 
tripping. The 0-600 volt units with 
etatic type integral tripping reported a 
roughly even split between “transient 
overvoltage” and “malfunction of 
protective relay or tripping device”. 


RALLURE CONTRIBUTING CAUSE 


Table 6 shows that “duet, salt 
spray, or other contaminant exposure” is 
the primary reported liating (at 93%) for 
failure contributing cause for 0-600 volt 
ciroult breakers with electro-sechanical 
type integral trip. The 0-800 volt 
circuit breakere with static integral 
trip had “lack of preventive saintenance” 
reported for 56% of failures, with the 
remaining 44% shown ag “persistent 
overload”. Entries for other voltage 
Classes are in auch lower percentages, 
except for the “other” category in the 
34.5-138k¥ and 345k¥ groupe. 


SUSPECTED RAILORE 
BESPORSIBILITY 


In table 7 the data shows most 0-600 
volt breakers with electro-sechanical 
type of integral trip as = having 
“inadequate physical protection” (93%) ae 
the euapected failure responsibility. The 
0-600 wolt breskera with static type 
integral trip reporte 56% under “lsproper 
operation”, and 44% under “inadequate 


386 


APPENDIX K 


maintenance”. The 34.5-138kV¥ and 345kV 
voltage categories both show “defective 
component" aa the main category. 


FAILGRE DISCOVERED DURING 


Table 8 shows a very large 
Percentage of failures in the 0-600 volt 
circuit breakers, a total of 96%, as 
being discovered “during normal 
operation”. The 34.5-138k¥ class showed a 
@ignificant percentage of failures (67%) 
ae being diecovered “during routing 
testing/maintenance”, while the 345kV¥ 
breakerae were eplit between “during 
routing testing/maintenance” and “during 
hormal operation” with 48% in each 
category. 


EAILORES ve. MONTHS SINCE 
LAST_MAINTENANCE 


Table 9 shows that moet failures 
occurred within 24 monthe of the last 
maintenance. 


EAILURE REPAIR METHOD 


Table 10 shows that a high 
percentage of circuit breakers in the 
0-600 volt, 601-15,000 volt, and 
34.5-138KV ratinge were “repaired failed 
component in place or sent out for 
repair”. 


The 345kY group of circuit breakere 
shows the highest nuaber (44%) as 
“replaced failed unit with spare”. This 
large  §§=§ percentage is considered 
Questionable since an inspection of the 
failed component entries showed in sone 
cases that a failed component, euch as an 
alr compressor, waa reported as “replaced 
failed unit with spare”. 


REPAIR URGENCY 


It ie of particular interest that, 
in Table 11, only 7% of the 59 failures 
reported for all voltage categories 
listed the repair urgency as requiring 
working on a round-the-clock bases. This 
may be due, at least in part, to the fact 
that two of the voltage classes (0-600 
volt, and 601-15,000 volt) containing 45% 
of the total failures, and had maxiaua 
failure durations of 4 hours. 


The 34.5-138k¥ and 345k¥ circuit 
breakers, with their longer failure 
durations, also show nearly all repair 
work as normal working hours. 


POPULATION Of CIRCUIT SREAZEES 
ye._MAINTENANCE QUALITY AND 
MOBMAL MAINTENANCE CYCLE 


Table 12 shows the sajority of 
respondents (53%) considered themselves 
as having a “fair” maintenance quality, 
while 39% considered their taintenance 
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quality as “excellent”, All of the 
respondents who listed their maintenance 
quality as excellent had a  norsaal 
maintenance cycle of 0-24 months. The 
respondents with “fair” maintenance 
quality were aplit between categorice 
with 37% (by unit-year) showing 0-24 
month, 28% (by unit-year) showing rore 
then 24 months and, interestingly enough, 
38% with No preventive maintenance. 


OVERALL CIRCUIT BREAKER 
OPERATIONS PRR YEAR DATA 


The listing of “overall circuit 
breaker operations data” has been entered 
in three different tables. 


Table i3a shows the data entered in 
a non-weighted format. The fault, and 
non-fault, operationa per year are based 
on non-weighted numbers. The non-weighted 
values were obtained by counting each 
population data line entry aa one unit 
(regardless of how many circuit breakere 
or unit-yeara were reported in that 
line). The average number of operations 
for each entry line were sumaed and the 
result divided by the number of line 
entries. 
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Table 13b shows the data weighted by 
the number of circuit breakers. The fault 
and non-fault operations per year are 
based on the actual number of circuit 
breakera reported, regardless of time in 
service. The average number of operations 
for each entry line wae multiplied times 
the number of Circuit breakera reported 
for that line. The resulting values were 
euaped and the total was then divided by 
the nusber of circuit breakers reported 
in that voltage category. 


Tadle 13c shows the data weighted by 
the number of unit-yeare. The fault and 
non~fault operations per year are based 
on the number of circuit breakers 
reported times their number of years in 
eervioe (unit-yeare). The unit-years for 
each circuit breaker tines the average 
operations per year was supmed and the 
result divided by the total numbder of 
unit-years reported in that voltage 
category. 


With the exception of the 0-600 volt 
category, the average number of 
operations per year remained reasonably 
consistent over the three tables. 
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Table 1 -: OVERALL CIRCUIT BREAKER RELIABILITY DATA 


ee ww ee a en ee ee ewe wee ee eee ee ee eee es 


Sample Size (number of unite) 
Saaple Size (unit~years) 


Total Fault Operations 
(for all unit-yeare) 


Total Non-Fault Operations 
(for all unit-yeers) 


Number of Failures 
Failure Rate - Failures/Unit-Year 
Failure Duration (Hours/Failure) 
Average 
Nininsus 


Bedian 
Maxuaus 


* Excludes Molded Case 


0-600 Volt 
air teats” 
1695 
2041.24 
225 


24604 


601-15,000 Volt 
an 

Air Magnetic 
315 
694.76 


343 


as Small Sample Size - leas than § failures (or data points) 
“ee Zero failures in 2.67 unit-years reported for Vacuum 601-15,000 volt (not included in thie table) 


NOTE: The “Total Fault Operationea” and “Total Non-Fault Operations” were determined by taking the Unit-yeare 
{for each circuit breaker reported) times it’s average number of operatione (Fault or Non-Fault) per year, 


and adding the values for all circuit breakers in that catagory. 


34.5-138 kV 
Bulk O11 


0.04675 
44.11 
1 


3 
240 


345 kV 
Air Blaet & 
SF-6 (2 presure) 
51 
256.00 


434 


$200 


23 
0.08984 


171.45 
1 

150 
720 
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2 
Table @ 2 CIRCUIT BREAKERS, 0-600 VOLT 
OUTDOOR versus INDOOR LOCATION 


Outdoor Indoor 
Sample Size (unit-yvears) 873.57 2067.87 
Muaber of Failures 9 14 
Failure Rate - Failures/Unit-Year 6.0103 0.00677 


* Excludes Molded Case 


x 
Table # 3 CIRCUIT BREAKERS, 0-600 VOLT 
EFFECT OF INTEGRAL TRIP TYPE 


Static Rlectro-mechanical 
Sample Sise (unit-years)} 1888.49 1052.75 
Number of failures 9 14 
Failure Rate - Failures/Unit-Year 0.00477 6.0133 


* Excludes Molded Case 
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TABLE # 4 - CIRCUIT BREAKERS 
VOLTAGE VS. FAILURE MODE 


0-800 VOLT ¥* 601-15KV 34. 5KV-i38KV 345KV 
Air Magnetic Alr Bagnetic Bulk Oil Air Blast & 
Static ERlectro-sech SF-6 (2 presure) 
FAILED TO CLOSE 4 13 ~0- 3 -0- 
OW COMMAND 44% 93% 33% 
FAILED TO CLOSE -0- -0- -0- 1 -0- 
AND LATCH 11% 
FAILED TO OPEN -0- -0- 2 -0- ~-0- 
ON COMMAND 50% 
CLOSES WITHOUT -0- -0- -0- -0- -0- 
COMMAND 
OPENS WITHOUT 5 -0- 1 -0- 7 
ND 56% 25% 30% 
FAILED TO BREAZ -0- ~0- -0- -0- -0- 
CURRENT WHEN OPENING 
DAMAGED WHILE -0- -0- 1 -0- -0- 
SUCCESSFULLY OPENING 25% 
DAMAGED WHILE ~-0- -0- ~0- -0- -0- 
CLOSING 
FAILED TO CARRY ~O- -0- -0- 1 -0- 
CURRENT 11% 
FAULT TO GROUND, OR -0- -0- -0- -0- -0- 


PRASE TO PHASE (NOT 
WHILE OPENING OR CLOSING) 


FAULT ACROSS OPEN -0- -0- -0- -0- -0- 
CONTACTS (NOT WHILE 
OPENING OR CLOSING) 


LOSS OF VACUUM -0- -0- age =o: S95 
(FOR VACUUM BREAKERS) 
OTHER FAILURE REQUIRING -0- -0- -0- -0- 11 
REMOVAL FROM SERVICE 43x 
WITHIN 30 MINOTES 
OTHER FAILURE NOT REQUIRING -0- 1 -0- 3 3 
REMOVAL FROM SERVICE 1% 33% 13% 
ONKNOWN “0= -0- =0- L 2 

11x 9x 
TOTAL FAILURES 9 14 4 9 33 


® Excludes Molded Case 100% 100% 100% 100% 100% 
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DURING ROUTINE 


TESTING /MAINTENANCE 
DURING NORMAL OPERATION 


- 


TOTAL FAILURES 


* Excludes Molded Case 


TABLE # & - CIRCUIT BREAKERS 
VOLTAGE VS. “FAILURE DISCOVERED DURING” 


0-600 VOLT * 601-15KV x 


Air Magnetio Air Magnetic 
Static Blectro-nech 
-0- 1 1 
™ 25% 
9 13 3 
100% $3X 75% 
-0- -0- -0- 
1 4 
100% 100% 100% 


%* Saell Sample Size - lesa than & failures (or data points) 


=ax 
0 - 24 MONTHS 


OVER 24 MONTHS 


MO PREVENTIVE MAINTENANCE 


TABLE # 9 - CIRCUIT BREAKERS 


PAILORES VS. MONTHS SINCE LAST MAINTENANCE 


601-15KYV 2 
Air Magnetic 


0-600 VOLT * 
Alr Magnetic 
Static Blectro-sech 


34. 5KV-136KV 
Bulk Oil 


34. SKV-138KY 
Bulk O11 


345KV 
Air Blast & 
5F-6 (2 presure) 
11 
40x 


345KV 
Air Blast & 
SF-6 (2 presure) 
17 
74% 


TOTAL FAILURES 


* Excludes Molded Case 


-0- 14 2 
100% 60% 
9 -0- 2 
100% 50% 
-0- -0- -0- 
9 14 4 
100% 100% 100% 


%x Small Sample Size - lease than 8 failures (or data points) 


aaa The survey requested data for 0-12 month and 12-24 aonth perioda. Due to the uncertainty 
about which of these two periode should be used for entries of 12 monthe since maintenance, 
they were combined into a single entry of 0-24 montha. 
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TABLE # 10 ~- CIRCUIT BREAKERS 
VOLTAGE VS. VAILURE REPAIR METHOD 


bs 


34. SKV-138KV 
Bulk 011 


345KV 
Air Blast & 
SF-6 (2 presure) 
7 


30% 


0-600 VOLT * 601-15KV 
Air Hagnetic Air Magnetic 
Static Electro-mech 
REPAIRED FAILED COMPONENT 8 13 3 
IN PLACE OR SENT OUT 89x 93x 75% 
FOR REPAIR 
REPLACED FAILED UNIT 1 1 1 
WITH SPARE 11% 7% 25% 
OTHER ~-0- -0- -0- 
TOTAL FAILURES 3 14 
100% 100% 100% 


* Excludes Molded Case 
*= Small Sample Sise ~- leas than 8 failures (or data points) 


*2% In some cases a failed component, not the complete breaker, was replaced with a spare. 


TABLE # 11 - CIBCUIT BREAKERS 
VOLTAGE VS. FAILURE REPAIR URGENCY 


ee ee ae ee eee ee ww eet ewe eee aen== 


x 


34. 5KV-138KV 
Bulk Oil 


345KV 
Air Blast & 
S¥-6 (2 presure) 


0-600 VOLT * 601-15KV 
Air Magnetic Air Magnetic 
Static Electro-nech 
WORKING ROUOND-THE-CLOCE 2 1 
22% 25% 
NORMAL WORKING HOURS 7 14 3 
78x 100% 15% 
LOW PROIRITY -0- -0- -0- 
TOTAL FAILURES 9 14 4 
100% 100% 100% 


* Excludes Molded Case 
** Small Sample Size - less than 8 failures (or data points) 
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MAINTENAN 
QUALITY 


eee ee 


EXCELLENT 


TABLE # 12 - CIRCUIT BREAKERS 
POPULATION OF CIRCUIT BREAKERS VERSUS 
MAINTENANCE QUALITY & NORMAL MAINTENANCE CYCLE 


MAINTENANCE, NORMAL CYCLE 
x 


} MORE  ! KO 
0 - 24 ! THEN 24} PREVENTIV } 
MONTHS ! MONTHS | WAINTENAN | TOTAL 
POPULATION: UNIT-YEARS 
wana n-ne enn ween nen nnn een nn | oo === == === 
1198.25 ; 3839} -0- 1 1881.25 
797.99 } 606.59 | 749.34 } 2153.92 
-0- $ -0- } -0- t =0- 
-0- } -0- { 362 { 362 


® The survey requested data for 0-12 month and 12-24 month periode. Due to the uncertainty 
about which of theae two periods should be used for entries of 12 monthe eince maintenance, 
they were combined into a eingle entry of 0-24 months. 


0-600 Volt 601-15,000 Volt 
* 


Air Magnetic Air Magnetic 

fault Operations/Year 

Average 0.175 0.9481 

Miniteus 6 0 

Median 0.05 0.0769 

Maxuaua 1 1 
Non-Fault Operations/Year 

Average 19.2834 47,5357 

Miniaua 0 0.5 

Median 1,667 5 

Maxuaue 106 400 


® Excludes Molded Case 


To get the non-weighted values 
was counted as one unit (reguardlesa of how many circuit breakers were reported in that line). 
number of operations for each entry line were summed and the result divided by the number of line entries. 

Twenty (20) line entries would be counted as 20 units, even though each line might represent 5 circuit breakers. 


345 kV 
Air Blast & 
SF-§& (2 presure) 


1.1325 
0.2 


for Average Fault (and Non-Fault) Operations per year, each line entry 
The average 


3341 
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Table 13d - OVERALL CIRCUIT BREAKER OPERATIONS DATA (weighted by nuaber of breakers) 


a a re nn ee ee ee en eee ee 


0-600 Volt 801-15,000 Volt 34.5-138 kV 345 kV 
* Air Blast & 
Air Magnetic Air Bagnetic Bulk Oil SF-6 (2 presure) 
Fault Operations/Year 

Average 0.0174 0.8898 0.4877 1.2341 
Miniaua 0 0 0.05 0.2 
Median 9 1 0.75 2 
Maxuaun 1 1 2 2 

Non-Fault Operatione/Year 
Average §.0932 27.1841 20.0156 35.098 
Hiniaun 0 0.5 3 10 
Bedian 5 25 20 30 
Maxusus 100 400 100 50 


® Excludea Molded Case 


To get the weighted values (weighted by number of circuit breakers) for Average Fault, and Non- 
itiplied by the number of circuit breakers reported in that 


line. The product (number of circuit breakere times average operations) from each line was summed and the result 


the nunber of operations for each entry line is au 


divided by the total number of circuit breakers reported in that catagory. 


Table 13c - OVERALL CIRCUIT BREAKER OPERATIONS DATA (weighted by number of unit-years) 


0-600 Volt 601-15,000 Volt 34.5-138 kV 345 kV 
* Air Blast & 
Air Magnetic Air Magnetic Bulk Oil SF-6 (2 presure) 
Fault Operations/Year 

Average 0.0787 0.4936 0.5375 1.6948 
Mininun 0 0 0.05 0.2 
Median 0.02 0.5 0.5 2 
Maxunue 1 1 2 2 

Non-Fault Operationse/Year 
Average 8.3652 35.86 22.439 32.0313 
Miniaue 0 0.5 3 10 
Bedian 1.6667 5 20 30 
Maxusun 100 400 100 50 


* Excludes Molded Case 


Fault operations, 
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L6E 


To get the weighted values (weighted by number of unit-years) for Average Fault, and Non-Fault operations, 

the number of operations for each aurvey line entry is multiplied by the number of unit-years (circuit breakers 
reported in that line times the number years in service). The product (nuaber of unit-years times average 
Hptisipedd from each line was summed and the result divided by the total number of unit-years reported 

na % catagory. 
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A4PPENDIX 


REASONS FOR CONDUCTING A NEW SURVEY ON 
CIRCUIT BREAKER RELIABILITY 


by Circuit breaker Reliability 
Working Group 
C. R. Heising, Coordinating Author 
A. T, Norris, Chairman 
J. W. Aquilino L. G. Bonaghan 
R. N. Bell P. O’Donnell 
W. FPF. Braun A. D. Patton: 

The main purpose of thia reliability 
survey ie to identify failure data and 
the effect of pertinent factore on 
important classes and types of circuit 
breakera, thus providing the designer and 
planner the valuable basic inforaation 
needed to install a reliable and econoaic 
industrial or commercial power systen. 


Previous IEEE-IAS circuit breaker 
reliability eurveye of industrial a 
commercial inetallationse were published 
in 1962 and in 1973/74. The latter has 
been included in IESE Standard Ko. 493- 
19380 - “Recomaended Practice for the 
Design of Reliable Industrial & 
Commercial Power Systene.~ Pertinent 
information from the new survey will be 
included in future revisione of IEEE 
Standard No. 493. 


Sone of the important objectives in 
thie new eurvey are: 1. Obtain failure 
mode data, 2. Obtain estimates of the 
number of operating cycles per year, 
3. Obtain data on static trip devices for 
low voltage circuit breakers, 4. Obtain 
information on the effect of preventive 
maintenance on failure rate, 5. Obtain 
better information on suspected failure 
reeponetbility, failure initiating cause, 
and failure contributing cause, and 6. 
Obtain pertinent information on new 
cirouit breaker technologies. 


33% or more of the failures reported 
in the 1973/74 eurvey did not contain 
inforsation on suspected failure 
reaponsibility, failure initiating cause, 
and failure contributing cause. It is 
hoped that this can be improved upon in 
the new survey. This is considered 
important information when trying to 
improve the reliability of circuit 
breakers used on industrial & commercial 
power systems. In the 1973/74 survey 23% 
of the failures were biased on the 
manufacturer and 23% were blaned on 
inadequate maintenance and 36% were 
unknown. These were the three largest 
causes of failures. Inadequate 
gaintenance is an area that an industrial 
or commercial user can do esonething 
about; and any pertinent information on 
thie aubject will be requested. 
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The 1973/74 survey did not collect 
information on the estimated nusber of 
operating cycles per year. This is 
isportant information when trying to 
estimate the probability of a circuit 
breaker euccessfully operating «when 
commended to do so. This information will 
permit a reliability assessment versus 


duty application. 


The 1973/74 eurvey did not collect 
low voltage circuit breaker data on 
whether of not a static trip device was 
ueed. This information is of interest to 
designers of power syatems where there is 
much concern about failure rate of solid 


state versue electromechanical trip 
devices. 


Approximately 30% of the circuit 
breakere in the 1973/74 survey were over 
ten years old. Circuit breakere nore than 
15 years old may not be typical of what 
is being used in the design of new power 
syetone. 


Various classes and types of circuit 
breakers in the 1873/74 eurvey had 
significantly different distributions of 
the varioua failure nodes. 
information on thie subject is of 
intereat to designers of power systene. 


Reliability information on redius 
and high voltage circuit breakere using 
the newer technologies is of interest to 


designers of power eystens. Thie includes 
vacuurm and 8¥6-puffer circuit breakers. 


Switchgear bus ie not included in 
thie survey. A «separate survey was 
published on this eubject in 1979. 
Protective relays, fuses, and ewitches 
are not included in this survey. A survey 
in 1978 on these equipment categories 
asked for information thet many 
industrial and commercial users did not 
have readily available; and the survey 
was unsuccessful. A limited amount of 
information ia contained in the 1973/74 
survey on disconnect awitchea, relays, 
and fuses. 
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CIRCULT BREAKERS 


COMPANY MAME AND PLANT: 


INDUSTEY TYPE: 

PERIOD REPORTED - FROM: MONTH YEaR 
TO: MONTH YEAR 

LOCATION: 


TOTAL POPULATION 


® IF TROP INITIATION UWIT IS AM IWTEGRAL PART OF THE BREAKER, INCLUDE ANT FAILURE 
OF THE TRIP OWIT 4$ A BREAKER PALLORS. 


## COWSIDER EACH OPEN/CLOSE CYCLE AS ONE (1) OPERATION. INCLODE OPERATIONS 
DURING MAINTENANCE, 


CIRCUIT BREAKER 
COMPANY NAME AND PLANT: 


FAILED OMIT DATA ~ P11 in One Line for Each Failure 
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CIRCUIT BREAKER RELIABILITY SURVEY 
SURVEY CODE 


Total Population Form 


RArouaS breaker Type (B) 

Air Magnetic 

Vacuus 

Bulk 011 

Air Blast 

“Puffer” Type SF-6 

All SF-6 other then “Puffer” 
Other 


NAA w WW 


Norval Maintenance Cycle (kK) 
1. 0-12 sonthae 
2. 12-24 monthe 
3. Over 24 monthae 
4. No preventive maintenance 


Maintenance Quality (L) 
Your estivate of Preventive 
Maintenance Quality: 
1. Excellent 
2. Fair 
3. Poor 
4. None 


Failed Unit fora 


Failure Diacovered (B) 
1. During Routine Tesating/ 
Maintenance 
2. During Normal Operation 
3. Other 


Failure Initiating Cause (C) 
1.Traneient overvoltage - such as 
lightning, ewitching surges, or 
syetes faulite. 
2. Insulation Breakdown. 
$3. Mechanical burnout, friction, or 
seizing of moving parte. 


4. Mechanical breakdown - such as 
cracking, loosening, ebrading, 
or deforming of static or 
etructural parte. 

5. Physical damage or shorting fros 
outside gource - such a6 
vehicular accident. 

6. Electrioal fault or salfunction. 

7. Malfunction of protective relay 
or tripping device. 

8. Other suxiliary device 
Malfunotion. 

9. Low, or no, auxiliary voltage - 
for Qircuite such as air 
compressors, and SP-6 heaters. 

10. Other 


Failure Contributing Cauee (D) 

1. Overload - persistent 

2. Extreme hear (ambient temperature 
if known ___ deg. C) 

3. Extreme Cold (ambient temperature 
if known ___ deg. C} 

4. Severe weather - such as wind, 
rain, snow, or sleet. 

5. Abnormal soisture. 

8. Agareeeive cheaicals. 

7. Dust, galt epray, or other 
contaminant exposure. 

8. Norwal deterioration from age. 

9. Lubricant lose, or deficiency. 
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10.Improper operating or test 
procedure. 

11. Tripping aource deficient. 

12. Lack or preventive maintenance. 

13. Other 


Sc ahs failure Responsibility (E) 
Defective component 

Improper handling/shipping 
Poor installation/teating 
Inadequate maintenance 
Iaproper operation 

Improper application 
Inadequate physical protection 
Outside agency (euch as vehicular 
accident) 

Other 

0. Unknown 


Failure Mode (F) 

Failed to close on command 

Failed to close and latch 

Failed to open on command 

Closes without command 

Opens without command 

Failed to break current when 

opened 

Damaged while successfully 

opening 

Damaged while closing 

Failed to carry current 

0. Fault to ground, or phase to 
phase (not while opening or 
closing) 

. Fault acroes open contacts (not 

while opening or cloeing) 

Loes of vacuum (for vacuus 

breakers} 

. Other failure requiring reroval 
from service within 30 sinutes 

. Other failure not requiring 
immediate removal from service 

18. Unknown 


Honthe Since Last Maintenance (@) 
1. 0 ~ 12 months 
2. 12 - 24 aonthe 
3. Over 24 aonthe 
4. Ko preventive maintenance 


~ © BAAN 


~~ Oa 1 AaAranre 


-— Me 
-» 2 Ne 


Repair Urgency (H) 
1. Working round-the-clock 
2. Normal working hours 
3. Low priority 


Repair Or Replace (J) 
1. Repaired failed component in 
place or sent out for repair 
2. Beplaced failed unit with spare 
3. Other 


(1] ANSI/IBRE Standard 493-1980, “IESE 
Recommended Practice For Design of 
Reliable Industrial and Commercial Pover 
Syetens”. 
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Reliability Survey of 600 to 1800 kW Diesel and 
Gas-Turbine Generating Units 


CLAYTON A. SMITH, MICHAEL D. DONOVAN, associate MEMBER, IEEE, AND MICHAEL J. BARTOS 


Abstract—In 1988 the U.S. Army Engineering and Housing Support 
Center (EHSC) sponsored a study of the reliability, availability, and 
maintainability (RAM) characteristics of diesel and gas-turbine power 
systems producing jess than 2 MW. The study, conducted by ARINC 
Research Corporation, included collection and examination of source 
data for power systems at commercial and military facilities operating 
in contineous or siandby service. A data base of system, subsystem, and 
componem RAM data was established. These daia will be useful in the 


design of primary and standby power systems for military or commercial 
facilities. 


INTRODUCTION 


HE U.S. Army Engineering and Housing Support Center 

(EHSC) sponsored a study {7} of the reliability, avail- 
ability, and maintainability (RAM) characteristics of small 
diesel and gas-turbine power systems. The study, conducted 
by ARINC Research, produced a data base of system, sub- 
system, and component RAM data for industrial and military 
power systems in both continuous and standby service. An 
updated RAM data base was needed to support the analy- 
sis of power systems at command, control, communications, 
and intelligence (C*B) installations worldwide. EHSC wanted 
higher confidence in the validity of the power-system reli- 
ability data used to analyze C?J system retiability. Currently 
available RAM data were outdated and were not tailored to 
EHSC’s specific requirements. Further, these data did not per- 
mit identifying component failure rates in alternative prime- 
mover designs. 

The primary objective was to obtain data reflecting the re- 
liability improvements resulting from advances in power-plant 
(prime-mover) technology since completion of the last com- 
prehensive RAM study more than 15 years earlier. An addi- 
tional objective was to provide data on the major components 
that failed in each system, together with data on the reliabil- 
ity of the prime mover. The information will be used in the 
evaluation of C*l power-generation systems. 

The prime movers of interest were diesel and gas-turbine 
generators ranging from 600 to 1800 kW. The diesel- 
generator configurations evaluated included both packaged 


Paper ICPSD 89-02. approved by the Power Systems Engineering Com- 
mittee of the IEEE Industry Applications Society for presentation at the 1989 
Industrial and Commercial Power Systems Annual Technical Conference, De- 
troit, MI, April 29-May 3. Manuscript released for publications January 9, 
1990. 

C. A. Smith and M. D. Donovan are with ARINC Research Corporation, 
2551 Riva Road, Annapolis, MD 21401. 

M. J. Bartas is with the U.S. Army Engineering and Housing Support 
Center, Fort Belvait, VA 20060 

IEEE Log Number 9035434, 
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systems and units with auxiliary support systems. Each of 
these types was categorized as standby and continuous duty. 
Because most gas-turbine systems in the size range of interest 
are configured as packaged units, the gas-turbine generators 
were categorized only by type of duty. Thus six categories 
were addressed: 


continuous-duty auxiliary diesels, 
standby auxiliary diesels, 
continuous-duty package diesels, 
standby package diesels, 
continuous-duty gas turbines, 
standby gas turbines. 


METHODOLOGY 


The data collection comprised five tasks: 1) review existing 
data bases and reports, 2) identify data sources, 3) collect field 
data, 4) reduce data and prepare data base, and 5) calculate 
RAM statistics. These tasks are described in the following 
subsections. 


Review Existing Data Bases and Reports 


The results of previous and ongoing efforts in the collection 
of RAM data were reviewed to determine their applicability to 
the selected diesel and gas-turbine categories. Data bases such 
as the Government Industry Data Exchange Program (GIDEP) 
{1} and the Institute of Nuclear Power Operations (INPO) Nu- 
clear Plant Reliability Data System (NPRDS) [5] were investi- 
gated, but they were found to contain minimal detail on power 
plants in the size ranges addressed by the study. Several man- 
ufacturers provided the results of studies on reliability, start- 
ing reliability, and unit availability conducted in preparation 
for customer presentations or proposals. The RAM measures 
from these studies were not included in the data base, because 
the objectivity and accuracy of the data could not be validated. 


Identify Candidate Data Sources 


Three methods were used to identify as candidate data 
sources the industrial and military facilities that operated 
diesel and gas-turbine power systems in the specified cate- 
gories. Equipment manufacturers and distributors were asked 
to provide lists of customers having power systems that met the 
category definitions. U.S. military and Government agencies 
were similarly requested to provide names of equipment oper- 
ators and sources of maintenance data. In addition, industrial 
directories were used to identify facilities representing typi- 
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USER SURVEY: DIESEL AND GAS-TURBINE GENERATORS 


User/Company: 

Address: 

Contact: 

Telephone: (__} 

Date: 

Application: _ 

Stating (No. of personnel and titles): 


lems to Address: 


How many units do you have on-site: 
What are thelr ratings? 
Are unite standby or in continuous use? 


(s there a central data Dank for maintenance information? 
Do you collect maintenance data? 

Do you collect operating data? 

Do you record attempted and successful starts? 

Oo you keep logs for scheduled maintenance? 

Do you have records of failure events? 

Have there been ai least five failures to the unit? 

Oo you track administrative and logistic time? 

Can these data be sent io us for this effort? 


Yes 


Can ARINC Research obtain permission to review these records? 


ts there a maintenance program in use? 
It yes, is it the manufacturer's program? 
Are spares kept on site? 


Remarks: (include brief history and tne diagram of ptant) 
Fig. 1. 


cal power-system users, such as computer centers, small util- 
ity sites, and cogeneration plants. The candidate data sources 
identified through these surveys were listed in a project data 
base for sorting and screening during the data collection task, 


Collect Data 


Potential data sources were screened by means of a struc- 
tured telephone survey technique, using the questions shown in 
Fig. 1, to identify candidate power plants for data collection. 
The objective of this screening was to determine the appli- 
cability, availability, and quality of operational, maintenance, 
and failure data. Plants were selected from a wide variety 
of applications (e.g., electric utilities, cogenerators, hospi- 
tals, airfields, military installations, and computer and com- 
munication facilities) to represent a range of variables such 
as manufacturer, plant usage, age, environment, and mainte- 
nance practices. Where possible, plants with at least ten years 
of operation and maintenance history were selected. 

Selected power-plant operators with formal data collection 
systems were requested to mail facility descriptions and his- 
torical records of their operation and maintenance logs. 
Follow-up technical questions to clarify data interpretation 
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User Code: 


User survey form. 


were directed, via telephone conversations, to senior facility 
personnel. 

The problem most frequently encountered in obtaining data 
from participating facilities was the level of effort required 
by the plant staff to assemble and reproduce the necessary 
records. To ensure the acquisition of representative data, site 
visits were made to facilities that could not respond to the 
mailing requests. Technical personnel experienced in plant op- 
eration and maintenance conducted these visits. In addition to 
records collection, visits typically included structured inter- 
views with senior operations and maintenance personnel to 
obtain additional insights into failure events and maintenance 
tasks. 

Twenty-two plants participated in the study, providing data 
on 71 power systems. The data represented 708 unit-years of 
operating experience, and all plants provided data for periods 
of 3 years or longer. 


Develop Data Base 


The source data on maintenance and failure events were ar- 
ranged in a consistent record format for computer entry and 
validation. Data reduction was performed by examining events 
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TABLE 1 
RAM Statonecs 
RAM Measures Formuis Based on Period Hours Formula Based on Operating Hours 
Failure Rate (FR) No. of Failures No. of Failures x 9 769 
(Failures per year) Period Hours ea Operating Hours 
Mean Time Between Faitures (MTBF) Period Hours Operating Hours 
(Hours) No. of Failures No. of Failures 
Mean Time To Repait (MTTR) Total Repair Time Total Repair Hours 
(Hours) No. of Failures No. of Failures 


Mean Time Between Ptanned Outages 


Period Hours 


Operating Hours 


(MTBPO) (Hours) No. of Planned Outages No. of Planned Outages 
Mean Time To Maintain (MTT) Pianned Outage Hours. Planned Outage Hours 
(Hours) No. of Planned Outages No. of Planned Outages 
Mean Time Between Outages Prod Hours, Operating Hours 
(MTBO) (Hours) No. of Outages No. of Outages 
Mean Downtime (MDT) Repeir Hours + Pianned Outage Hours Repair Hours + Planned Outage Hour, 
(Howss) No. of Outages No. of Outages 
Mean Time Between Corrective Period Hours i 
Maintenance (MTBCM) (Hours) No. of CMs No. of CMs 
Mean Time To Perform Corrective Cosrective Maintenance Hours Corrective Maintenance Hours 
Maintenance (MTTCM) (Hours) No. of CMs No. of CMs 
Availability, Operationst (AO) Period Hours - Repairs Time — Planned Operating Hours 
Period Hours Operating Hours + Repair Hours + Planned Outage Hours 
Availability. Inberent (Al) Pernod Hours - Repair Hours rating Hours 
Perind Hours Operating Hours + Repair Hours 
Reliability for 24 hours (R24) ¢-24/MTBF e-24/MTBE 
Reliability for 720 hours (R720) e-720/MTBF e-720/MTBE 


in the operating and maintenance records to identify the sub- 
system and component, the type of outage, the impact of the 
failure, and the action required to complete the maintenance. 
This information was coded according to the equipment, 
failure-impact, outage-type, and action codes listed in Ap- 
pendix 1. 

Summary descriptions of each maintenance event were also 
prepared to provide insight into failure modes. Operating data 
for each unit— such as period hours, operating hours, starts, 
and start failures— were extracted from operating logs. 

The event records produced by the data-reduction pro- 
cess were entered into a microcomputer data base. The data 
base architecture, developed with a commercially available 
data base management system, included features for auto- 
mated checking for data-entry errors or inconsistencies. Fol- 
lowing data entry, samples of records were randomly selected 
for validation against the raw data, ensuring consistency in 
application of the event coding scheme during data reduction. 


Calculate RAM Statistics 


The maintenance-event and operational data and the formu- 
las shown in Table I were used to calculate RAM statistics for 
cach of the six categories of power systems. The terms used 
in the formulas are defined in Table II. 
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RAM statistics were also calculated for subsystems and 
components in each category on the basis of both period 
hours and unit operating hours. Subsystem and component 
measures included failure rate (FR), mean time between fail- 
ures (MTBF), mean time between corrective maintenance 
(MTBCM), mean time to perform corrective maintenance 
(MTTCM), and operational availability (AO). 

The RAM statistics are intended for use by EHSC for a 
variety of analyses, evaluations, and planning studies for C°1 
facility support systems. To meet the requirements of these 
applications, the RAM statistics were calculated using both 
period hours (i.c., calendar time) and operating hours. 


RESULTS 


The data base developed contains more than 6000 main- 
tenance events, representing 708 unit-years and nearly one 
million operating hours. Data from units within each of the 
six categories were combined, because units within the same 
category are of similar technology and utilization. The unit- 
level RAM statistics for the six major categories from this 
data base are compiled in Tables III and IV. Data for subsys- 
tems and components within these categories are presented in 


Appendix IT. 
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Concurrent Maintenance Event (CC) 
Corrective Maintenance Event (CM) 
Corrective Maintenance Time 
Failure 


APPENDIX L 


TABLE il 
Darinirions of Terms 


Maintenance action taken while wnit is already in an outage 
An event in which some equipment had to be repaired (outage-causing or not} 
Time, in hours, required to complete a CM 


An unexpected event that results in the interruption of electrical power at the generator output terminals 


Forced-Outage Event (FO) Failure 

Noncurtailing Event (NC) Maintenance action taken while the unit is available to produce power 

Operating Hours Number of hours the unit is producing power 

Outage Event Any interruption of electrical power al the generator output terminals 

Pernod Hours (PH} Number of calendar hours in a year (8,760) 

Ptanned Outage Event (PO) Outage taken for any scheduled reason (€.g.. inspections. overhauls, cleaning) 

Planned Outage Time Time, in hours, taken to complete any planned outage event 

Repair Time Time, in hours, required to repair any failure 

Unit- Years Calendar hours in a year (8,760) multiplied by the number of units 

TABLE III 
Compostre RAM Statistics Basep on Periop Hours 
RAM Measures Diesel Auxitiary Diesel Package Gas Turbine 
Continuous Standby Continuous Standby Continuous Standby 
Number of Units 7 5 9 15 15 2 
Period Hours 674,520 1,357,800 $14,776 1,068,594 333,888 1,951,224 
Number of Events 1,702 1.408 1,335 498 509 ug 
Unit Faijures x2 198 408 118 174 70 
Unit Outages (Planned and Forced) 1311 615 959 365 385 278 
Number of Corrective Maintenance Events 409 630 812 243 253 102 
Failure Rate (Failures per Unit- Year} 39 1.2 43 0.9 45 03 
MTBF (Hours) 2,233.5 6,857.4 1,997.0 9,055.8 1,918.8 27.874.6 
MTTR (Hours) 29 2.8 6.4 39 V2 11.6 
MTBPO (Hours) 668.5 3,256.1 1,478.7 4,326.2 1,582.4 9,380.8 
MTT (Hours) 13 3.8 12.5 7.8 21.1 10.6 
MTBO (Hours) 514.5 2,207.8 849.6 2,927.7 867.2 7018.8 
MDT (Hours) 17 3.5 $9 6.5 14.8 36.1 
MTECM (Hours) 1,699.5 2,185.2 923.3 4,897.5 1,319.7 19,129.6 
MTTCM (Hours) 28 2.9 43 2.9 5.7 14 
Al 0.9986 0.9995 0.9967 0.9995 0.9962 0.9959 
AO 0.9965 0.9984 0.9882 0.9977 0.9828 0.9948 
R24 0.9893 0.9965 0.9880 0.9973 0.9875 0.9991 
R720 0.7244 0.9003 0.6973 0.9235 0.6871 0.9745 
Observations events, including a main bearing failure (200 h), a reduction- 


The objective of the study was to compile a data base for 
use in the evaluation of power systems in C°I facilities; thus no 
detailed analysis of the data was performed. However, some 
observations can be made from examination of the calculation 
results. 

Table Ili indicates that, on the basis of period hours, units in 
the continuous-duty categories have similar failure rates. The 
period-besed failure rates for the standby categories are much 
lower, because the low utilization of units in this category 
provides fewer opportunities for failures to occur. 

The gas turbines exhibit the lowest failure rates of units 
in standby service. However, this is negated by long repair 
times. The raw data show that the large repair-time value 
is attributable to a relatively amall number of long-duration 
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gear failure (350 h), seven broker starter shafts (150 h each), 
and two events in which the turbine had to be sent back to 
the manufacturer (3000 h each). The starter-shaft problem 
was an initial design problem and has not occurred since the 
implementation of a design change to the part. 

For the continuous-duty diesels with auxiliary systems, the 
failure rate based on operating hours, shown in Table IV, is 
significantly higher than that of the other categories in continu- 
ous service. This difference is attributable to the relatively low 
utilization of these diesels at the plants reporting in this cate- 
gory. These units were classified as continuous because they 
were scheduled for operation on a regular basis. However, 
most of them were operated in a cycling mode and operated 
only for several hours each day. The high failure rate results 
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TABLE IV 
Comrosits RAM Statics Base on Orgratino Hours 
Diesel Auxilia Diesel Pac! Gas Turbi 
RAM Measures zd = scent 
Continuous Standby Continugus Standby Continucus Standby 
Number of Units 7 5 9 13 15 20 
Operating Hours 80,174 323,242 300.698 64,364 204,037 13.591 
Number of Events 1.702 1,408 1,535 498 wa 319 
Unit Faitures 302 198 408 118 174 70 
Unit Outages (Planned and Forced) 1311 615 959 363 385 278 
Number of Corrective Maintenance Events 409 630 872 243 253 102 
Failure Rate (Failures per Unit- Year) 32.9 53 11.8 16.0 14 45.1 
MTBF (Hours) 264.4 1,632.5 737.0 $45.4 1172.6 194.1 
MTTR (Hours) 2.9 28 6.4 39 7.2 HL6 
MTBPO (Hours) 79.4 775.1 $45.7 260.5 967.0 65.3 
MTTM (Hours) 13 3.8 12.5 78 21.1 10.6 
MTBO (Hours) 61.1 525.5 313.5 176.3 529.9 48.8 
MDT (Hours) 17 3.5 99 65 14.8 %.1 
MTBCM (Hours) 196.0 513.0 344.8 264.8 $06.4 133.2 
MTTCM (Hours) 28 29 43 29 57 TIA 
Al ; 0.9889 N/A 0.9912 N/A 0.9938 N/A 
AO 0.9713 N/A 0.9682 N/A 0.9720 N/A 
R24 0.9132 0.9854 0.9680 0.9569 0.9797 0.8837 
R720 0.0657 0.6434 0.3765 0.2671 0.5412 0.0245 
from dividing the large number of failures induced in this TABLE V 
type of operation by the relatively small number of operating Action, Parurs-Imeact, amp Outace-Trre Coves 
hours. 
Similarly, for the gas turbines in standby service, the high Action Codes 
failure rate based on operating hours can be attributed to the Fe pate 
. as ‘i ae — Fixed Leak 
telatively low utilization of these units. Most of the units in IN — Inspection 
this category are used as emergency power supplies in com- Pe 7 nena 
puter or communications facilities. They are typically tested ov — Goat 7 
on a weekly or monthly basis and run for less than 1 h, with PM — Pegicediee Maintenance 
failures most likely to occur during the start sequence. On the I rae 
basis of this limited operating time, the failure rate is high. TS — Tested 
The subsystem and component data presented in Appendix Failure Impact 
II provide information on the causes of unit failures and un- 0 — NoFailure 
availability. For example, problems with the standby gas tur- | — Failure Affected Only the Component 
i 7 : A . 2 — Failuce Affected Com nt and Sul em 
bines reside mostly in the starting system, particularly the 3. — Failure Affected Coanponient. Scheer aed Unit 
battery. The fuel system, the generator, and the controls add Outage Type 
to the overall failure rate. It is also of interest that much of CC - Concurrent Maintenance 
the unavailability is due to inspection and cleaning actions, ae - bore pene 
. 1 . * - ature to 
even though these actions do not contribute to the overall fail- NC — Noncurtailing Maintenance 
ure rate. For the continuous-duty auxiliary diesels, the failure PO — Planned Outage 


rate is due largely to the engine itself, specifically the cylin- 
der heads and the crankcase. Tracking these same components 
through all of the diesel categories shows them to have con- 
sistently the highest failure rate. 


SUMMARY 


Information collected through this study is useful in the de- 
sign assessment of primary and standby power systems for 
military or commercial facilities. The unit-level RAM statis- 
tics for the six categories provide a baseline for comparison 
of RAM measures for a specific plant against a representa- 
tive population similar in configuration and type of service. 
The subsystem and component data, in conjunction with ap- 
propriate modeling tools, provide a means for forecasting the 
availability performance of specific plant designs. Since the 
data base includes all component maintenance events rather 
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than just outage failures, it provides information that will be 
useful in maintenance and logistic planning for power systems. 
Aprennix I 
Cones 
Failure-impact, outage-type, and the action codes are listed 
in Table V. 
Aprrenpix Il 
Sunsystem AND Component Data 


Tables VI-XI reflect the RAM statistics based on equip- 
ment failure maintenance events for the units within the six 
categories. Components or subsystems that do not appear in 
a table did not experience any failure or maintenance events. 
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TABLE VI 
Sussystem ano Component RAM Measures For Continuous-DuTy AUXILIARY 
DHrsELs 
Period Hours ; Operating Hours 

Equipment Failures MTBF MTBCM MTTCM Operational Failures MTBF MIBCM MTICM 

per Year (Hours) (Hours) (Hours) Availability per Year (Hours) (Hours) (Hours) 

CONTROL & INSTRUMENTATION (DS-CTT) 0.08 492420. 152420.0 1.7 1.0000 0.66 13362.3 13362. 3 
CIRCUIT BREAKERS (DS-CT101 } 0.05 168630.0 168630.0 15 1.0000 0.44 20043.5 sos3 (3 
ELECTRICAL MODULE (DS (02) 0.01 6745200 674520.0) 10 t.0000 O11 80174.0 30174.0 1.0 
SWITCHES (DS-CT104} 0.01 6745200 674520.0 3.0 t.0000 0.11 80174.0 60174.0 3.0 
COOLING WATER SYSTEM (DS-C 0.13 67452.0 44968.0 1? 1.0000 1.09 8017.4 $344.9 1.7 
COOLING WATER PUMP (DS- 2) 0.00 0.0 6745200 0.5 1.0000 0.00 0.0 §0174.0 0.$ 
ENGINE COOLING (DS-CWT03) 0.01 6745200 6745200 4.0 1.0000 O.1l © 0174.0 = 80174.0 40 
THERMOSTAT (DS-CWT05) 0.00 Q0 674520.0 1.0 t.0000 9.00 0.0 30174.0 1.0 
VALVES (DS-CWT07) 0.01 674520.0 —337260.0 0.8 1.0000 0.11 80174.0  — 40087.0 08 
WATER LINE (DS-CWT09) 0.06 §134904.0 6360.0 09 1.0000 0.55 16034.8 11453.4 0.9 
HEAT EXCHANGER (DS-CWT10) 0.03 337260.0 = 337260.0 5.0 t.0000 0.22 40087.0 40087.0 5.0 
WATER HEADER DS-CWT12) 0.01 674520.0 674520.0 20 §.0000 O11 80174.0 80174.0 20 
WATER MANIFOLD (DS-! 13) 0.00 0.0 0.0 1,0000 0.00 0.0 0.0 0.0 
DIESEL ENGINE (DS-ENG) 2.25 3899.0 3122.8 36 0.9984 18.90 463.4 371.2 3.6 
BEARINGS (DS-ENGO1) 0.08  112420.0 74946.7 2.9 0.9999 0.66 13362.3 8908.2 29 
CYLINDER (DS-ENGO2) 0.32 26980.8 20449.) 2.0 0.9999 2.73 3207.0 2429.5 2 
CYLINDER HEADS DS-ENGO3) 0.99 8875.3 8225.9 40 0.9995 gw 1054.9 S177 40 
DRIVE SHAFT (0s NG04) 0.00 0.0 0.1) 00 1.0000 0.00 0.0 9.0 00 
PISTONS (DS-E. 06), 0.26 33726.0 28105.0 47 6.9998 2.19 7 3340.6 ay 
TURBO CHARGER (DS-ENG07) 0.01 674520.0 337260.0 40 1.0000 O11 $0174.0 40087.0 40 
VALVES (DS-ENGO8) 0.03 337260.0 224840.) 29 1,0000 0.22 40087.0 26724.7 29 
RINGS cranes 0.31 28105.0 18230.3 3.8 0.9996. 2.62 3340.6 2166.9 3.5 
TIMING (DS-ENG 6.05 168630.6 1349043 10 0.9998 0.44 20043.5 16034.8 10 
INTAKE WANIFOL (DS-ENG11) 0.08 = 112420.0 112420.0 3.2 1.0000 0.66 13362.3 13362.3 3.2 
CRANKCASE (DS-ENG12) O.0t 6745200 2248400 15.0 0.9999 041 80174.0 26724.7 15.0 
RODS (DS-ENG14} 0.01 674520.0 224846.0 37 1.0000 0.41 801740 26724.7 37 
CAM (DS-ENGI15) 0.08  =112420.0 96360.) 20 0.9999 0.66 13362.3 11453.4 2.0 
CHAIN DRIVE (DS-ENG17) 0.01 674520.0 = 337260.9 1.0 1.0000 Ol 80174.0 40087.0 1.6 
TAPPET (DS-ENGI8) 6.00 0.0 0.9 on 1,0000 0.00 6.0 6.0 0.0 
EXHAUST SYSTEM (DS-EXH 0.04 224840.0 963600 21 0.9997 0.33 26724.7 11453.4 2.1 
EXHAUST SYSTEM (DS-EXH) 0.00 0.0 6.0 0.0 1.9000 0.00 0.0 0.0 0.0 
EXPANSION JOINTS (DS-EXH03) 0.00 0.0  337260.0 4.0 1.0000 0.00 0.0 7.0) 40 
PORTS (Oe ae 0.01 674520.0 674520.0 os 0.9997 0.11 801740 801740 0.5 
EXHAUST MANIFOLD (DS-EXH06) 0.03 337260.0 337260.6 0.$ 1.0000 0.22 40087.0 40087.0 0.5 
EXHAUST VALVE (DS-EXH07) 0.00 0.0 674520.0 1.0 1.9000 0.00 0.0 80174.0 1.0 
MUFFLER (DS-EXH10) 0.00 0.0 674$20.0 4.0 1.0000 0.00 0.0 80574.0 40 
FUEL. SYSTEM (DS-FLS. Ot 9636.0 8225.9 2.1 0.9989 7.65 1445.3 977.7 21 
DEAERATOR TANK (DS-FLS02) 0.00 0.0 674520.) 10 1.0000 0.00 0.0 80174.0 10 
FUEL FILTER (DS-FLS03) 0.00 0.0 337260.0 1.0 1,0000 0.00 0.0 40087.0 1.90 
GOVERNOR (DS-FLS04) 0.12 74946.7 67452. 32 0.9997 0.98 8908.2 8017.4 32 
PUMPS (DS-— 0.35 24982.2 21758,7 1.8 0.9999 2.95 2969.4 2586.3 1.8 
VALVES (DS- 7) 0.01 674520.0 674520.0 1.5 1.0000 6.11 80174.0 90174.0 1.5 
ee Line aa FLS&s 0.21 421575 39677.6 2.5 0.9904 1.75 5610.9 4716.4 2.5 
FUEL LINE (DS- ) 0.22 39677, 37473.3 1.8 1.0000 1.86 4716.1 4454.1 18 
FUEL OIL REGULATOR (DS-FLS10} 0.00 0. 337260.0 2.0 1.0000 0.00 0 40087.0 20 
GENERATOR (DS-GNR) 0.09 96360.0 74946.7 2.2 0.9999 0.76 11453.4 8908.2 2.2 
GENERATOR (DS-GNR) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
BEARINGS (DS-GNR®O1) 0.00 6.0 0.0 0.0 1.0000 0.00 0.6 00 0.0 
FIELD (DS-GNR05)} 0.05 168630.0 112420.0 1.8 1.0000 0.44 3.5 3362.3 18 
FLYWHEEL {OS ~GNR tO) 0.04 224840.0 224840.0 3.0 1.0000 0.33 26724.7 26724.7 3.0 
INSULATION (DS-GNR 11) 0.00 0.6 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
COLLECTOR RINGS (DS~GNR12) 0.00 0.0 00 0.0 1.0000 0.00 0.0 0.0 on 
1.UBE OIL/HYDRAULIC SYSTEM (DS-LBO) = 0.25 355901. 19272.0 25 0.9998 2.08 4219.7 2290.7 2:5 
LUBE OIL/HYDRAULIC SYSTEM (DS-LBO) 0.00 0 0.0 0.0 1.0000 0.00 6.0 0.0 090 
COOLER {DS-LBO02) 0.16 56210.0 56210.0 38 0.9999 t3t 6681.2 6681.2 38 
HILTER (DS-LBO04) 0.00 0 74946.7 0.8 1.0000 0.00 0.0 8908.2 O48 
PIPING (DS-LBO06) 0.01 674$20.0 337260.0 20 1.0000 0.11 80174.0 40087.0 2.0 
STRAINER (DS-LBOIO) 0.01 674520.0 134904.0 14 1.0000 O.tl 801740 160348 L@ 
TLUBRICATOR (DS-L8O12) 0.06 134904.0 96360.0 3.3 1.0000 0.55 6034.8 11453.4 3.3 
STARTING SYSTEM i STS) 0.18 48180.0 17295.4 16 0.9999 1.53 $726.7 2055.7 16 
AIR FILTER (DS-STS04 ) 0.00 00 26980.8 1.4 1.0000 0.00 6.0 3207.0 14 
ASR CYLINDER (DS- 5) 0.00 60 0.0 0.0 1.0000 9.00 0.0 0.0 0.0 
STARTING AIR ELBOW (DS-STSO6) 0.13 67452.0 67452.0 22 1.0000 1.09 8017.4 8017.4 2.2 
AIR LINE (DS-STS07) 0.03 337260.0 337260.4) 1.0 1.0000 0.22 40087.0 40087.0 En 
VAL VES (DS-STSO8 8 0.03 3372600 337260.) 25 1.0000 0.22 40087.0 40087.0 2.5 
GOVERNOR BOOSTER (DS-STS13) 0.00 0.0 0.0 00 1.0000 0.00 0.0 0.0 0.0 
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TABLE VII 
Sussystem AnD ComPONFNT RAM Maasunss por Stasury Auxuisny Dmszis 


Period Hours Operating Hown 
Equipment Faiures MTBF =MTBCM MITTCM Operational Failures MTBF MTBCM MTTCM 
per Year (Hours) (Howes) (Hours) Availabitity pec Year (Hours) (Hours) (Hours) 


CONTROL & INSTRUMENTATION (DS-CTT) 0.01 678900,0 452600.0 1.7 1.0000 0.05 161621.0 = 107747.3 1.7 
GAUGES DS-cTa) doi 13378000 ‘7000 «TS—sLow)=s 3233020 TaNzLD LS 
; ; ; : H 03 3232420 161621.0 15 
SWrICHES (DS-CTI104) 0.00 0.0 00 860.0 ~——«1.0000 0.00 00 6.0 00 
COOLING WATER SYSTEM (DS-CWT) 0.05 1939714 =—13780.0 «=«.8~——1.0000 461774 32324.2 18 
AIR COOLER (DS_CWT01) 0.03 13578000 13578000 1.0 1.0000 0.03 3232420 323242.0 10 
COOLING WATER PUMP (DS-CWT02) 0.01 6789000 2715600 18 1.0000 0.05 1616210 " 64648.4 18 
COOLING TOWERS } 0.01 13578000 13878000 20 1.0000 0.03 3232420 323242. 20 
HEAT EXCHANGER (DS-CWT10) 0.02 4526000 4526009 «= 1.8 ~—s*t.0000 0.08 107747.3 1077473 ik 
DIESEL ENGINE (DS-ENG 0.64 137152 44373 «3.8 0.9988 2.68 3265.1 1056.3 38 
DIESEL ENGINE era 0.0) 1357800.0 13578900.0 0.0 0.9998 0.03 323242.0 3232420 0.0 
BEARIN Non O10 848625 387943 24.0000 043 202026 «9235.5 24 
CYLINDER (DS. 0.05 1939714  130866.7 28 1.0000 0.19 461774 359158 28 
CYLINDER @-ENG03) O12 71463.2 «522231 3.4 (0.9999 OS! 170127 124324 34 
0.19 452600 «9236.7 4.4 (0.9992 O81 107747 «©——-2198.9 a4 
VALVES S ENGoH 0.01 13578000 2715600 862.5 = ‘1.0000 0.03 323242.0 4648.4 25 
RINGS 0.18 $908 169725 36 0.9999 0.62 36 
INTAK' MANIFOLD DS-ENG11) 0.01 1357800.0 13578000 20 1.0000 0.03 323242.0 323242. 20 
CRANKCASE (DS-ENGI2) 0.00 0.0 13578000 40 1.0000 0.00 0.0 323242.0 40 
CAM (DS-ENG15) 0.01 13578000 13578000 8.0 — 1.0000 0.03 3232420 3232420 80 
EXHAUST SYSTEM (DS-EXH 0.03 3394500 798706 19 0.9999 Olt 808105 = -19014.2 19 
EXHAUST SYSTEM (DS-EXH) 0.00 0.0 00 860.0 —‘1.0000 0.00 00 00 00 
EXHAUST MANIFOLD (DS-EXH05) 0.00 0.0 613578000 20 1.0000 0.00 0.0 3232420 2.0 
EXHAUST VALVE ) 002 $26000 905200 19 1.0000 0.08 107767.3 21549.5 19 
HEADER (DS- } 0.00 00 00 86900 = ©—-1.0000 0.00 00 0.0 00 
MUFFLER (DS-EXH10) 0.01 13578000 13578000 13 1.0000 0.03 3232420 3232420 1S 
FUEL SYSTEM (DS-FLS) 041 218324 73395 «27 © 0.9998 LM $130.8 1747.3 27 
FUEL SYSTEM (DS-FLS) 0.00 0.0 00 8600 —.0000 0.00 0.0 0.0 0.0 
FUEL FILTER (DS-FLS03) 0 4526000 215824 L.l.—s«.0000 008 107473 © $130.8 1 
GOVERNOR FLSO4) 0.05 193971.4 169725.0 3.0 1,0000 O19 6177.4 40405.2 3.0 
PUMPS (DS-FLS06) 0.06 1357800 1131500 §=22 = 1.0000 0.27 323242 © 26936.8 22 
INJECTOR (DS-F1S08) 25 38731.6 «© «139979 3.7 (0.9999 103 8506.4 «3332.4 37 
FUEL LINE (DS FLSO9) 0.03 © 271560.0 2715600 2.6 ~— 1.0000 0.14 4648.4 64648 26 
FUEL OIL REGULATOR (DS-FLS10) 0.00 0.0 00 00 1.0000 0.00 0.0 0.0 00 
GENERATOR DS-GNR} 0.06 1357800 -123436.4 231.0000 0.27 © 32324.2 © 29385.6 23 
GENERATO! R) 0.00 0.0 00 00 ~—- 4.0000 0.00 00 aD 0.0 
BEARINGS NRO1) 0.02 4526000 3394500 = 221.0000 0.08 1077473 10.5 22 
FIELD (DS-GNROS) 0.04 2263000 2263000 + =22 ~—«:1.0000 016 $3873.77 «_53873.7 22 
COLLECTOR F RINGS (DS-GNR12) 0.0: 13578000 13578000 3.0 1.0000 0.03 3232420 323242.0 30 
LUBE OIL/HYDRAULIC SYSTEM (DS-LBO) 0.06 «1357800 0 64657.1 1.20.99 0.27 323242 ——«15392.5 12 
LUBE OIL/HYDRAULIC SYSTEM (DS-LBO) 0.00 0.0 00 00 ——L.0000 0.00 00 0.0 00 
COOLER (DS-LBO0Q2) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 6.0 0.0 
FILTER (DS-LBO04) 0.01 13$7800.0 1131900 09 1.0000 0.03 323242. 36.8 09 
PUMP (DS-LBO0S) 005 1939714 1939714 16 1.0000 019 | 6L77.4 177.4 16 
TANK (DS-LB 001 13578000 13978000 20 1.0000 0.03 3232420 3232420 20 
STRAINER 010) 0.00 0.0 00 00 1.0000 0.00 0.0 00 00 
OIL SWITCH (DS-LBOI4) 0.01 13578000 13578000 1.0 1.0000 0.03  323242.0 3232420 10 
STARTING SYSTEM (DS-STS) 002 4526000 174077 «10 1.0000 0.08 1077473 © 4144.1 10 
AIR FILTER (DS-STS04) 0.00 00 686 g1040S «1.0 ~—«$.0000 0.00 00 43099. 10 
VALVES (DS-STS08) 0.02 4526000 4526000 = .?-—s‘1.0000 0.08 1077473 307747.3 “7 
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TABLE VIII 
Sunsystem ann Component RAM Measures ror Continvous-Dury PACKAGE 
Dreseis 
Period Hours Operating Hours 
Equipment Failures MTBF MTBCM MTTCM Operational Failures MTBF MTBCM MTTCM 


per Year (Hours) (Hours) (Hours) Availability per Year (Hours} (Hours) (Hours) 


BALANCE OF PLANT (D$-BOP 0.02 407388.0 = 2715920 0.3 1.0000 0.06 150349.0 100232.7 0. 
BALANCE OF (Os. P) 0.00 00 00 00 1.0000 0.00 0.0 00 
COMBUSTION GAS MONITORING 0.01 814776.0 6814776.0 G0 1.0000 0.03 300698.0  300098.0 

BOPO2) 0.00 0.0 © ©6814776.0 +~=«.0———«1.0000 0.00 0.0 300698.0 1.0 
FIRE S SUPPRE ON/DI 0.01 814776.0 814776.9 00 ‘1.0000 0.03 300698.0 00 

CONTROL & INSTRUMENTATION ) 0.12 740705 280957 = 3.00.99 0.32 27336.2 «0368.9 3.0 
CONTROL & INSTRUMENTATIO! 0.00 0.0 407380 1.5 1.0000 0.00 0.0 150349.0 15 
CIRCUIT BREAKERS S (DS-CTIOL 0.00 0.0 8147760 §=1.0 — 1.0000 0.00 0.0 300698.0 10 

ELECTRICAL MOD 2) 0.04 ©203694.0 1629552 4.5 «1.0000 0.12 751745 601396 45 
GAUGES 0.04 =©203694.0 §= 479280) = 1.2 ~——s«.0000 0.12 751748 1768.1 12 
SWITCH! ) G.01 8147760 4073880 $7 — 1.0000 0.03 150349.0 $7 
WIRING ) 0.02 4073880 © 4073880 «14.0 ~——L-0000 0.06 1503490 150349.0 140 

COOLING WATER SYSTEM 0.43 4 107207 = £6 0.9998 117 7517.4 3956.6 16 
COOLING WATER SYSTEM 0.01 8147760 814776.0 56 1.0000 0.03 8.0 300698.0 56 
COOLING WATER PUMP 2) 0.13 7898.0 370353 22 0.9999 035 250582 1368.1 22 
ENGINE COOLIN 0.22 407388 0 12 0.9999 058 150349 = BBA. 12 
THERMOSTAT 0.01 8147760 © 162955.2,«13~——:1.0000 0.03 3006980601396 13 
TURBO CHARGER COOLING (DS-CWT06) 0.00 00 «68147760 = 2.0 ~—1.0000 0.00 0.0 300698.0 20 
VAL 0.01 814776.0 © 407388.0 15 — 1.0000 0.03 300698.0 150349.0 15 
Cc TOWERS ) 0.01 814776.0 © 407388.0 §= 1.0 «1.0000 0.03 3006980 150349.0 1.0 
WATER LINE 0.02 407388.0 1357960 = 2. 1.0000 0.06 150349.0 — 50116.3 21 
HEAT EX ER (DS-CWTI10) 0.01 814776.0 8147760 = 1.0 «1.0000 0.03 300698.0  300698.0 1.0 
WATER HEADER 12 0.00 0.0 8147760 20 1.0000 0.00 0.0 300698.0 20 
WATER MANIF 13) 0.01 614776.0 © -814776.0 = 1.0 ~—*$.0000 0.03 300698.0  300698.0 10 
DIESEL EL ENGINE NGINE (DS-ENG 11 4577.4 3408.1 850.9902 5.19 1689.3 1258.2 8s 
OSE 1G) 0.04 0 1357960 9.7 0.9950 012 751745 © SO1IS3 97 

BEARINGS 2 0.09 1018470 814776 89 0.9999 0.23 375872 3 89 
CYLINDER (DS-ENGO2 0.30 ‘1 193994 §643.-0.9999 0.82 107392 7159.5 43 
CYLINDER ENGO3) 0.77 113163 104458 10.70.9968 210 -4176.4 3855.1 10.7 
DRIVE SHAFT ps. 0.02 4073880 2715920 30.0 ~—-0.9999 0.06 150349.0 100232.7 30.0 
PISTONS G06 0.22 407388 325910 29 0.9999 058 © 150349 =—-120279 29 
TURBO GER (DS-ENGO7) 014 62675.1 384280 36 (0.9995 038 231306 «=: 130738 36 
VALVES SE ENO®) 0.02 4073880 2036940 38 1.0000 0.06 1503490 751745 38 
0.04 203640 814776 83 1.0000 O12 751745 3 83 

MING ENG) 0.00 0.0 £0 00 1.0000 0.00 00 0 0.0 
INTAKE MANI BOs ENGI ry 0.0$ 1629552 1357960 9.9 0.9999 0.15 601396 501163 99 
CRANKCASE 0.10 7 9053.7 $6 0.9998 0.26 334109 334109 156 
RODS (DS-EN' rad 0.02 407388.0 4073880 «22.5 (0.999 0.06 503490 150349, 215 
CAM (DS-ENG15 0.08 1163966 S8I9K3 141 0.9998 0.20 429569 1478.4 i 
CHAIN DRIVE (DS-ENG17) 0.01 8147760 4073880 210 1.0000 0.03 300698.0 1503490 210 
(DS- 0.01 8147760 1629552 9.7 1.0000 0.03 0 6039.6 97 

EXHAUST SYSTEM (DS-EXH 0.12 740705 «= 40738.8 = 5.20.97 0.32 27336.2 «150349 5.2 
EXHAUST SYSTEM (DS-EXH C01 8147760 4073680 «= 500.9998 0.03 300698.0  150349:0 30 
EXHAUST 1) 0.00 0.0 8147760 20 1.0000 0.00 0.0 ; 20 
EXPANSION JOINTS (DS-EXHO3 0.01 8147760 §©=— 2036940 S29 = 1.0000 0.03 0 75174.5 29 
EXHAUST M EXHO06) 0.06 135796.0 1163966 «= 93.20.9999 0.17 301163 42956: 92 

UST VALVE XHO7) 0.03 «2715920 = 1357.0 = 281.0000 0.09 1002327 «= 501163 28 
10) 0.00 0: 0.0 1.0000 0.00 0: 0. 00 
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TABLE VIII (Contimed) 


Period Hours Operating Hours 
Equipment Faiures MTBF MTBCM M Operational Failures MTBF MIBCM = MTTCM 


per Year (Hours) (Hours) Hour) Availability per Year (Hours) (Hours) (Hours) 


FUEL SYSTEM (DS-FLS 119 7340.3 3366.8 3.5 (0.9992 323° 27090126 t 
FUEL SYSTEM 001 8147760 8147760 «= 1.0 SS«1.0000 0.03 300898.0  300694.0 is 
'ANKS a 0.01 8147769  20368.0 1$ 1.0000 0.03 3006980” 75174.5 1s 
PUSLAL 0.02 4073880 «= 127309 12s 1.0000 0.06 1503490 4698.4 12 
GOVERNOR so 0.27 325910 «= 232793 S$ (0.9997 0.73 120279 8591.4 33 
024 370353 330.9999 0.64 1 85014 33 
VALVE 0.06 «135796.0 1018470 21.0000 0.17 SO116.3 375872 2% 
INJECTO: ay 040 220210 «33870 &0 si. 9998 108 $127.0 «4929. 60 
FUEL LINE (BS FESO) O18 479280 «= 239680) 0.9999 0.90 176RR.1BRAALT 2 
GEARBOX (DS-GBX 0.0) 514776.0 © 814778. 120.0 0.03 300698.0 390898 
; : : : 0 12.0 
GEARBOX (08-02%) 0.01 8147760 © -814776.0 «120 ~———«.0000 0.03 300698.0 300698.0 120 
GENERATOR 0.09 101847.0 «7407.5 7.7 0.999 0.23 375872 «27 
GENERATO Of (OS ON os oo 04 703694.0 2030040 19 0.9999 9.2 Mis Hines 189 
ep 0.03 2715920 2036940 = 08.0000 008 100030 Me 
pe ry 0.01 814776.0 2715920 = 118.0000 003 3 a0 1002329 
LUBE OIL/HYDRAULIC SYSTEM (DS-LBO) 0.30 9099.3 $580.7 20 0.9997 082 10739.2 2059.6 20 
LUBE OIL/ATYDRAULIC SYSTEM 0.00 00 «681477960 )=©=—4.0—S«1.0000 0.00 00 40 
uenier LBOO! 00 0.0 0.0 1.0000 0.00 06 0.0 0.0 
COOLER (DS-LB002' 0.01 814776.0 © 814776.0 74.20.9999 0.03 300608.0  300698.0 m2 
COOLER FAN ) 0.01 814776.0 8147760 8920 © «= 1.0000 0.03 0 300698.0 20 
(@s- ) 0.02 Oo 12 1.0000 005 1903490 3233.3 12 
PUMP (DS-LB005) O12 «6740705 «= 42882970999 032 27336.2 «1826.2 1.7 
ING 12006) 0.10 9030.7 S24 1.0000 026 334109 150349 24 
TANK 0.00 00 oo 4600 8 ©§©1.0000 0.00 00 00 0.0 
VALVES 8 LBC 0.02 4073880 1357960 = 11.51.0000 0.06  150349.0 116.3 LS 
STRAINER (OS 18010 0.02 4073880 2030.0 12 1.0000 0.06 1503498 751745 12 
OIL LBOI4) 0.00 00 68147760 «©6150 s.0000 0.00 00 1D 
TING SYSTEM (DS-STS: 0.19 452653 1686.6 16 0.9999 0.52 167084 2836.8 16 
ST EARTING SYSTEM sts 0.00 00 8147760 28 1.0000 0.00 0.0 25 
STARTING AIR C' 6.03 271592.0 771592.0 42 1.0000 0.09 100232.7 100232.7 42 
Al 0.00 10720.7 11.31.0000 0.90 00 79566 13 
ST AY cibow (DS-STS06 0.01 8147760 81477.0 10 —«1.0000 0.03 3006980 300698.0 10 
Sapte ) 0.01 8147760 «8147760 = 0s«1.000 0.03 300698.0 300698.0 10 
VALVES 001 814776.0 388.0 1.2 1.0000 0.03 0 1903490 L2 
‘STARTS 10 O12 «74075 «= 42882925 1.0000 032 °27336.2 © 13826.2 25 
AIR INTAKE ry 0.00 00 00 86900 —*.0000 0.00 00 00 00 
AIR DISTRIB 12) 0.01 8147760 © 814776.0 3.3.00 0.03 300698.0  300698.0 LS 
BATTERY (DS-STS1 0.00 00 «(4073880 «= 12.0000 0.00 00  150349.0. 12 
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TABLE IX 
Sussystem anp Component RAM Maasures ror Stanpay Pacxace Dreseis 


Period Hours Operating Hours 

Equipment Failures MTBF MIBCM MITCM Opentional Failures MTBF MTBCM MTTCM 

per Year (Hours) (Hours) (Hours) Availability per Year (Hours) (Hours) (Hours) 
CONTROL & Lele aby aad een 0.05 Thats 0 1$2656.3 1.2 1.0000 0.82 10727.3 9194.9 1.2 
CIRCUIT BREAKERS (DS-CTIG} 0.00 0.0 0.0 0.0 1.0000 0,00 0.0 0. 0.0 
GAUGES (DS-CT103) 0.04 2137188 178099.0 1.2 1.0000 0,68 12872.8 10727.3 1.2 
THERMOCOUPLES (DS-CT106) 0.01 1068594.0  1068394.0 1.0 1.0000 O14 4364.0 64364.0 10 
COOLING WATER SYSTEM (DS-C 0.07 $33574.2 $6241.68 1.9 1.0000 1.09 6045. 33876 19 
COOLING WATER PUMP 2) 0.04 213718.8 89049.5 1.8 1,0000 0.68 12872.8 5363.7 1.8 
ENGINE COOLING ) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
VALVES 0.00 0.0 1068594. 10 1.0000 0.0 6.0 643640 10 
COOLING TOWERS (DS-CWT108) 0.01 10685940  1068594.0 2.0 1.0000 0.14 64364.0 64%4.0 2.0 
WATER LINE 0.03 1068594.0  534297.0 1.0 1.0000 0.14 64364.0 32182.0 16 
HEAT EXCH. RDS OWwTi2) 10) 0.01 1068594.0 534297.0 5.0 1.0000 0.14 64364.0 32182.0 5.0 
WATER HEADER 12) 0.00 0.0 1068594.0 1.0 1.0000 0.06 0.0 6440 1.0 
DIESEL ENGINE Ug aed 0.26 33393.6 18424.0 4.4 0.9995 4,36 2011.4 1109.7 41 
DIESEL ENGIN! Uta IG) 0.00 0.0 0 6.0 0.9997 0.00 0.0 0.0 0.0 
BEARINGS ENGO! 0.01 10685940 233718.8 2.0 1.0000 0.14 64364.0 12872.8 2.0 
CYLINDER {DS-ENGO 0.05 173099.0 152656.3 2.3 1.0000 0.82 107273 194.9 23 
CYLINDER ENGO3) 0.08 106859.4 62858.5 5.6 0.9999 1.36 36, 3786.1 5.6 
PISTONS EN 0.02 356198.0 179099.0 4.0 1.0000 0.41 21454,7 10727.3 40 
TURBO CHARGER ENGO7) 0.01 1068594.0 534297.0 6.0 1.0000 0.14 32182.0 6.0 
VAL EN 0.01 106859.0 $34297.0 3.0 1.0000 0.14 64364.0 32182.0 3.0 
RING: 0, 133574,2 97144.9 54 1.0000 1.09 9045.5 5851.3 54 
TIMING (DS-ENG10) 0.00 0.0 1068594.0 1.0 1.0006 0.00 0.0 64364. 1.0 
‘AKE ENG11) 0 0.0 5342970 10 1.0000 0.00 0.0 32182.0 10 
CRANKCASE ENGI2) 0.01 1068594.0 356198.0 13 1.0000 0.14 64364.0 21454.7 1.3 
RODS ENGI4) 0.00 0.0  1068594.0 2.0 1.0000 0.00 0.0 64364.0 2.0 
CAM ive Os. 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
CH, DRIVE ENG!7) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
TAPPET (DS— O18) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
ENGINE SWITCH GEAR (DS-ENG19) 0.01 1068594.0 1068594.0 3.0 1.0000 0.14 643640 4364.0 5.0 
EXHAUST SYSTEM (DS-EX! a 0.02 © 356198.0 213718.8 18 1.0000 0.41 21454.7 2872.8 1.8 
EXHAUST Mit Lad M (DS-E 0.02 §34297.0 356 198.0 17 1.0000 0.27 32182.0 21454.7 17 
EXPANSION JOINTS (DS-E: ) 0.01 10685940  1068594.0 3.0 1.0000 0.14 64364.0 6464.0 3.0 
PORTS &Ds EXMOS 0.00 0.0 0.0 0.0 1.0000 0.00 0.6 0.0 0.0 
EXHAUST MANIFOLD (DS-EXH06) 0.00 0.0  1068594.0 1.0 1.0000 0.00 00 64364.0 10 
' FUEL SYSTEM Eerie 0.24 36848.1 148416 2.3 0.9998 3.95 2219.4 893.9 23 
FUEL SYSTE! 0.01 10685940 $34297.0 1.0 1.0000 0.14 64364.0 32182.0 10 
DAY TANKS FLSO1 0.01 1068594.0 1068594.0 1.0 1.0000 0.14 643640 364.0 1.0 
FUEL FILTE! 3) 0.00 0.0 56241.8 1.0 1.0000 0.00 0.0 3387.6 1.0 
GOVERNOR FLS0$4} 4.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
PUMPS 0.04 213718.8 178099.0 1.8 9.9999 0.68 12872.8 10727.3 16 
VAL ve 0.03 267148.5 106859.4 2.1 1.0000 0,54 16091.0 6436.4 21 
ere ose 0.13 66787.1 38164.1 36 0.9999 2.18 4022.8 2298.7 3.6 
FUEL A Ree 0) 0.00 0.0 1068594.6 2.0 1.0000 0.00 0.0 64364.0 2.0 
FUEL OL REGULATOR (DS-FLS10) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 on 
GAS JUMPER (DS-FLS1i} 6.02 $34297.0 213718.8 2.0 1.0000 0.27 32182.0 12872.8 2.0 
GENERATOR oe po) 0.03 267148.5 2137188 2.8 0.9987 0.54 16091.0 12872.8 2.8 
opal nah R) 0.01 1068594.0 10685940 20 0.9987 0.14 = 64364.0 4364.0 2.0 
per rg 0.02  356198.0 267148.5 3.0 1,0000 0.41 21454.7 16091.0 3.0 
EEL, INR 10} 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
LUBE OIL/HYDRAULIC SYSTEM {(DS-LBO) 0.16 56241.8 2162.2 34 0.9998 2.59 3387.6 1214.4 3.4 
LUBE as SYSTEM 0.00 06 0.0 0.0 1,0000 0.00 0.0 0.0 0.0 
HEATER LBOOL 065 178099.0 76328.) 19 7.0000 0.82 107273 4597.4 Bi 
COOLER LBOO2 0.00 0.0  1068594.0 Lo 1.0000 0.00 00 643640 1.0 
COOLER FAN pn 1003) 0.01 10685940 106854.0 15.0 1.0000 0.14 643640 64364.0 13.0 
FILTER (DS- ) 0.02 356198.0 18 34 0.9999 0.41 21454.7 3387.6 $.4 
PUMP (DS-LBO05) 0.02 356196.0 133574.2 Lo 1.0000 0.41 21454.? 8045.5 19 
PIPING LBOOS) 0.01 1068554.0 1068594.0 8.0 1,0000 0.14 64364.0 64364.0 8.0 
TANK aes) 0.01 1068594.0 1068594.0 2.0 1.0000 0.14 64364.0 6464.0 2.0 
VAL 7 ) 0.01 1068594.0 .0 2.0 1.0000 0.14 364.0 64. 2.0 
STRAINE TOR eae 0.02 5342970 3561980 17 1.0000 0.27 32182.0 21454.7 17 
LUBRICA’ @s- 12) 0.01 1068594.0 2671485 1.2 1.0000 0.14 364.0 16091.0 1.2 
STARTING SYSTEM (DS-STS 0.14 62858.5 445248 2.6 0.9999 231 3786.1 18 2.6 
STARTING SYSTEM » 0.02 $34297.0 534297.0 25 1,0000 0.27 32182.0 32182.0 2.5 
STARTING AIR COM (DS-STSO2) 0.02 356198.0 356198.0 6.7 1.0000 0.41 7 21454,.7 67 
AIR FILTER (DS-STSO4) 0.00 0.0 1068594.0 10 1.0000 0.00 0.0 364.0 Lo 
VALVES (DS-STS08) 0.01 1068594.0 534297.0 30 1.0000 0.14 64364.0 32182.0 3.0 
AIR STARTS 10) 0.07 133574.2 69049.5 2.0 1.0000 1.09 9045.5 7 2.0 
AIR INTAKE 11 0.00 0.0  1068594.0 10 1.0000 0.00 0.0 10 
BATTERY 15) 0.02 356198.0  356198.0 2.0 1.0000 0.41 21454.7 21454.7 2.0 
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TABLE X 
Sussystem anp Component RAM Maasurss For Continvous-Duty Gas 
Tursines 
Period Hours Operating Hours 
Equipment Faituces MTBF MTBCM MITTCM Operational Failures MTBF MTBCM MITCM 


per Year (Flours) (Hours) (Hours) ‘Availability per Year (Hours} (Hours) (Hours) 


AIR INTAKE SYSTEM {GT-AL 


9.00 0.0 47698.3 8.6 1.0000 0.00 Oo 29148.1 8.6 
AIR INLET FILTER TASt 1) 0.00 0.0 55648.0 2.0 1.0000 0.00 00 340062 2.0 
DUCTING (GT-AIS03) 0.00 0.0 3338880 48.0 1.0000 0.00 0.0 204037.0 48.0 
BALANCE OF PLANT (GT-8OP; 0.05 166944.0 83472.0 23 6.9907 0.09 = 102018.5 51009.2 2.3 
PGP BOF ETECTION 0.05 §—166944.0 83472.0 23 1.0000 0.09 = =102018.5 51009.2 2.3 
TESTING (GT-BOP04) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 00 
CLEANING (GT-BOPOS 0.00 0.0 0.0 0.0 9.9990 0.00 0.0 0.0 0.0 
INSPECTION (GT-|! ) 0.00 0.0 0.0 0.0 0.9918 0.00 0.0 0.0 0.0 
COMBUSTION SYSTEM (GT- ak 0.21 417360 2389.1 15 0.9999 255046 14574.4 1.5 
poner SYSTEM ing B) 0.08 = §=61112%.0 =: 111296.0 1.3 1.0000 0.13 680123 68012.3 13 
L NOZZLES {GT- 0.13 667776 30353.5 16 1.0000 i 40807.4 18848.8 16 
COMPRESSOR (GT-CMP 0.10 83472.0 47698.3 Ld 1.0000 0.17 51009.2 29148.1 ha 
FLEXLINE (GT-CMPO: 0.00 0.0  333888.0 1.0 1.0000 0.00 0.0 204037.0 10 
BLEEDVALVE (GT-CMP06) 0.10 83472.0 53648.0 12 1.0000 0.17 51009.2 34006. 1.2 
CONTROL & INSTRUMENTATION (GT-CTl) 0.63 13912.0 9274.7 12 0.9999 1.03 8501.5 5667.7 t2 
CON Steer & INSTRUMENTATIO! 0.03 333888.0 0 10 1.0000 0.04 204037.0 204037.0 10 
crkeurr a BREAKERS es 9.05 0 =166944.0 1.0 1.0000 9.09 1020185 1020185 1.0 
LECTRICAL MODULE (GT- ) 031 27824.0 23849.1 15 0.9999 0.52 17003.1 14874.1 1.5 
GAUGES (GT-CTH3 0.05 0 37098.7 0.8 1.0000 0.09 1020185 226708 0.8 
SWITCHES (GT: 0.16 55648.0 41736.0 1. 1.0000 0.26 34006.2 25504.6 El 
THERMOCOUPLE (GT-CT107) 0.03 333888.0 = 166944.0 2.0 1.0000 0.04 2040370 102018.5 20 
EXHAUST SYSTEM (GT-EXH) 0.00 0.0 333888.0 10 1.0000 0.00 0.0 204037.6 10 
EXHAUST FAN (GT-EXH03) 0.00 0.0 —333888.0 10 1,0000 0.00 0.0 204037.0 1a 
FUEL SYSTEM (GT-FLS) 1,89 4637.3 3442.1 3.0 0.9992 3.09 2833.8 2103.5 3.0 
FUEL SYSTEM (GT-! Bh 0.08 111296.0 11 1296.0 1,5 $.0000 0.13 680123 68012.3 1.5 
AJR MANIFOLD (GT-! 1) 0.00 0.0 333888.0 2.0 1.0000 0.00 0.6 © 204037.0 2.0 
BOOST PUMP (GT-FLS02) 0.13 667776 667776 2.2 1.0000 0.21 40807.4 40807.4 2.2 
FILTERS (GT- ». 0.10 83472.0 55648.0 18 1.0000 0.17 51009.2  34006.2 L8 
GAS MANIFOLD (GT-FLS06) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
GOVERNOR (GT-FLS07) 0.60 14516.9 10770.6 39 0.9995 0.99 8871.2 6581.8 5.9 
MAIN FUEL PUMP {GT-FLS08) 0.10 83472.0 667776 16 1.0000 0.17 $1009.2 40807.4 16 
GRIEICE 'GT-FLS?0) 0.03 333888.0 166944.0 2.0 1.0000 0.04 2040370 10201835 2.0 
PRESSURE GAUGE (GT-FLSI2) 0.03 = 333888.0 3338880 1.0 1.0000 0.04 204037.0  204037.0 10 
STRAINER (GT-FLS13) 005 I .0 83472.0 4.2 1.0000 0.09 102018.5 51009.2 12 
VES (GT-FLS14 0.39 22259.2 16694.4 15 0.9999 0.64 13602.5 10201.9 Ls 
PIPING (GT-FLS15) 0.18 47698.3 33388.8 2.6 0.9999 0.30 29348.1 20403.7 26 
SEALS ( ree 0.16 55648.0 47698.3 pt 1.0000 0,26 34006.2 29148.1 1B 
FLOW METER (GT-FLS17) 0.03 333888.0 © 166944.0 10 1.0000 0.04 = 204037.0 = 102018.5 10 
GEARBOX ON OF G8 0.03 333888.0 166944.0 i$ 1,0000 0.04 =204037.0 = 102018.5 15 
GEARBO: X (GTS x) 0.00 0.0 333888.0 2.0 1.0000 0.00 0.0 204037.0 20 
~GBX04) G03 333888.0 3338880 10 1.0000 0.04 = 204037.0 += 204037.0 10 
GENERATOR (GT-GNR 0.13 66777.6 41736.0 4.1 0.9999 0.21 40807.4 25504.6 at 
GENERATOR (GT-GNR) 0.00 0.0 333888.0 8.0 1,0000 0.00 0.0 = ©204037.0 8. 
BEARINGS Cr enne ae 0.00 0.0 0.0 0.0 1.0000} 0.00 0.0 0.0 0.0 
FIELD (G 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.4 0.0 
STATO (GT_ONS Roo) 0.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
TURBINE TRC Ton one) 0.05 = 166944.0 83472.0 28 1.0000 0.09 = 102018.5 51009.2 24 
VOLTAGE REGULATOR (GT-GNR 11) 0.08 = -111296.0 111296.0 47 1.09000 0.13 680123 = -68012.3 47 
LUBE OIL/HYDRAULIC SYSTEM (GT-LBO) 0.7! 2366.2 8347.2 1.8 0.9998 1.16 7536.9 5100.9 18 
AIR-TO-OIL COOLER (GT-LBOO!) 0.13 667776 067776 23 0.9999 0.21 7.4 40807.4 23 
HYDRAULIC PUMP (GT-LBOO2) 0.05 1669440 66944, 2.0 1,0000 0.09 2018.5 = 102018.5 24 
LUBE OIL FILTER (GT-LBOO3: 0.08 = -111296.0 30353.5 19 1,0000 0.13 68012.3 18544.8 19 
OIL. COOLER FAN (GT-LBOOS 0.08 = 111296.0 83472.0 2.0 1.0000 0.13 68012.3 51009.2 2.0 
OIL MANIFOLDS ( 0) 7 ) 0.03 333888.9 333888.0 1.0 1.0000 0.04 2040370 204037.0 10 
OIL TANK (GT- 0.05 1669440 166944.0 1.0 1.0000 0.09 «102038.5 102018.5 1.0 
PRE LUBE OIL PUMP let-1 3009) 0.10 834720 83472.0 2.6 1.0000 0.17 51009.2 $1009.2 26 
ls (GT-LB! a 0.10 83472.0 55648.0 Lt 1.0000 0.17 51009.2 34006.2 I} 
ALS (GT-LBO 0.03 3338880 1112%6.0 1.0 1.0000 0.04 2080370 «© 680123 i) 
PREC ATOR ( -LBO14) 0.05 166944.0 1669440 25 1.0000 0.09 =102018.5 = 102018.5 25 
REDUCTION GEARBOX (GT-RGOB 0.03 333888.0 (333888.0 20 1.0000 0.04 204037.0 204037.0 2.0 
REDUCTION GEARBOX (GT-RGB) 0.03 «= -333888.0 «= 333888.0 2.0 1.0000 0.04 =204037.0 = 204037.0 2.0 
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Period Hours Operating Hours 
Equipment Failures MIBF MTBCM MITTCM Operational Failures MTBF MTBCM 
MTTCM 
per Year (Howrs) (Hours) (Hours) Availability per Year (Hours) (Hours) (Hours) 
STARTING SYSTEM ors). Ss 0.71 12366.2 9620.2 19.5 0.9980 1.16 1$36.9 6001.1 19.5 
STARTING SYSTEM (oF ) 0.08 =—-1111296.0 111296.0 0.7 1,0000 0.13 68012.3 6812.3 0.7 
AIR PUMP (GT-STSO1) 0.03 3338880 111296.0 2.3 1.0000 0.04 204037.0 680123 23 
FILTER (GT-: 0.03 3338880  333888.0 1.0 1.0000 0.04 204037. 200037.0 10 
REGULATOR (GT-STSO3) 6.00 0.0 0.0 0.0 1.0000 0.00 0.0 0.0 0.0 
BA {GT- 0,00 0.0 0.6 00 1.0000 0.00 00 60.0 0.0 
STARTING SHAFT (erste 0.03 333888.0  333888.0 2.0 1.0000 0.04 = 204037.0 204037.0 2.0 
‘ARTER MOTO: ~STSO6' 0.13 667776 47698.3 83.6 0.9982 0.21 40807.4 29148.1 83.6 
ARLOC SEAL (GT-STS11) 0.42 20868.0 17573.) 3.5 0.9998 0.68 12752.3 $0738.8 3.5 
TURBINE a 0.08 = 111296.0 166944.0 121.0 0.9954 0.13 680123 = 102018.5 121.0 
TURBINE (GT- 3) 6.0S 1 v1] 333888.0 240.0 0.9954 0.09 102018.5  204037.0 240.0 
CASING (GT-TRB@. 0.00 0.0 0.0 1.9000 0.00 0.0 6.0 0.0 
BEARING (GT-TRBOS) 0.03 333888.0 3338880 2.0 1.0000 0.04 204037.0 204037.0 2.0 
TABLE Xl 
Suasystem ano Component RAM Maasunes pon Stanpay Gas Tunsmves 
Period Hours Operating Hours 
Equipment Faitures MTBF MTBCM MTTCM Operational Failures MTBF MTBCM  MITCM 
per Year (Hours) (Hours) (Hours) Availability per Year (Hours) = (Hours) (Hours) 
AIR INTAKE SYSTEM (GT-AIS) G.01 = 975612.0 = 9756 12.0 10 1.0000 1.29 6795.5 6795.5 10 
DUMPERS ({GT-. ) O0L 975612.0 9756 12.0 10 1.0000 1.29 6795.5 6795.3 1.0 
BALANCE OF PLANT (GT-BOP) 0.00 0.0 6.0 0.0 0.9989 0.00 0.0 0.0 0.0 
TESTING (GT-BO! i 0.00 0.0 00 8600 1.0000 0.00 0.0 00 on 
CLEANING (GT-BO! ) 0.00 0.0 00 0.0 1.0000 0.00 0.0 0.0 0.0 
INSPE (GT-1 } 9.00 0.0 0.0 0.0 0.9989 0.00 0.0 0.0 6.0 
COMBUSTION SYSTEM (GT-CMB) 0.00 19512240 19512240 4.0 1.0000 064 139910 135910 40 
FUEL NOZZLES (GT- 2) 0.00 =1951224.0 19$1224.0 49 1,0000 0.64 13591.0 13591.0 40 
CONTROL & INSTRUMENTATION (GT-CTI) 0.04 216802.7 150094,2 83 0.9999 5.80 1510.5 1045.5 8.3 
Ceo. INSTRUMENTATIO! 0.00 19512240 19512240 1.0 1.0000 0.64 13991.0 13591.0 10 
ctcurr BREAKERS (GT-CT10! , 0.00 0.0 19$1224.0 0.5 1.0000 0.00 0.0 13591.0 0s 
ELECTRICAL MODULE (GT. 2) 0.02 487806.0 325204.0 12 1.0000 2.58 3397.8 2265.. 72 
GAUGES Ae 0.00 19512240 9756120 10 1.0000 0.64 13591.0 6795.5 10 
SWITCHES (GT- } G01 89756120 «89756120 =—29.0 1.0000 1.29 6795.5 6795. 29.0 
WIRING (GT-CT105} 0.00 = 19$1224.0 1951224.0 4.0 1.0000 0.64 13591.0 13591.0 40 
EXHAUST SYSTEM od -EXH 6.00 19512240 9756120 35 1.0000 0.64 13591.0 6795.5 $.5 
EXHAUST DUCTING (GT-EXH01) 0.00 0.0 19512240 10 1.0000 0.00 13591.0 1.0 
EXHAUST FAN (GT-E ) 0.00 1951224.0 £951224.0 10.6 1.0000 0.64 '35910 12591. 10.0 
FUEL SYSTEM (CU FLS) 9.04  243903.0 13008 1.6 $.0 1.0000 5.16 1698.9 906.1 $.0 
BOOST PU (GT-FLS02) 0.01 0  6$0408.0 2.0 1.0000 1.93 4530.3 4530.3 2.0 
FILTERS is } 0.00 19512246 2768746.3 Ll 1.0000 0.64 13591.0 1941. Lt 
GOVERNOR -FLSQ7) 0.00 #9512240  1954224.0 2.0 1.0000 0.64 135910 13591.0 2.0 
JAIN FUE! IMP (GT-FLS06) 0.00 12240  1951224.0 40 1.0000 0.64 13591.0 133910 40 
STRAINER (GT-FLS13) 0.00 00 0.0 0.0 1.0006 0.00 ) 0. 0.0 
VALVES ~FLS14} 0.01 9756120 9756120 27.5 1.0000 1.29 6795.5 6795.5 27.5 
PIPING (GT-| 0.90 1951224.0 10 1,0000 0.00 0.0 13591.0 10 
GENERATOR ee 0.04 2168027 . 216802.7 33.3 0.9998 5.80 1910.1 1$10.1 33.3 
a eeIKE COUR nt. 0.00 19512240 19512240 72.0 1.0000 0.64 13591.0 13591.0 72.0 
TURBINE ING (GT-GNR1i0 0.03 46.3 2z 32.2 0.9999 4.51 1.6 1944. 32.2 
VOLTAGE REGULATOR (GT-GNR?1) 0.00 1951224.0 1951224.0 2.8 1,0000 0.64 13591.0 13591.0 2.0 
LUBE OIL/HYDRAULIC SYSTEM (GT-LBO) 6.02 390244.8 177384.0 16 31,0000 3.22 2718.2 1235.5 16 
LUBE OIL FILTER {GT-LBO03) 0.00 00 50403.0 2.0 1,0000 0.00 0.0 4530.3 2.0 
VALVES (GT-LBO! 1} 0.00 0.0 1951224.0 10 1.0000 0.00 0.0 13591.0 10 
PIPING (GT-LBO12) 0.02 487806.0 487806.0 18 1,0000 2.58 7.8 3397.8 18 
SEALS (GT-LBO13) 0.00 1951224.0  690408.0 13 1,0000 0.64 13591.0 4530.3 13 
REDUCTION GEARBOX aed 0.00 19512240 19512240 360.0 0.9998 0.64 1359L.0 135910 360.0 
REDUCTION GEARBOX (GT-RGB) 0.00 19542240 19512240 360.0 0.9998 0.64 139910 13991.0 360.0 
STARTING SYSTEM erate. 0.13 67283.6 453773 28.6 0.9994 18.69 7 316.1 28.6 
STARTING SYSTEM (GT. ) 0.00 19$1224.0 19812240 2.0 1.0000 0.64 13591.0 13991.0 2.0 
BATTERY (GT-: 0.08 1084013 3.3 1.0000 11.60 755.1 424.7 33 
STARTING SHAFT S108 002 3902448 3902448 93.5 6.9998 3.22 2718.2 2718.2 93.5 
STARTER MOTOR (GT-ST908) 002 3902448 3902448 = 130.8 0.9997 3.22 2718.2 2718.2 130.8 
TURBINE Pee 0.02 3902448 3902448 1158.4 0.9970 3.22 2718.2 2718.2 1158.4 
TURBINE (GT-TRB) 0.02 487806.0 4878060 1398.0 0.9971 2.58 3 n 1398.0 
BEARING (GT-TRBOS) 0.00 19512240 19512240 200.0 0.9999 0.64 135910 135910 200.0 
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Discussion 


R. H. Geuger (Holmes & Narver): This ia an excellent survey and is the 
most comprehensive one available for the 600--1800-kW size range of diesel 
and gas-turbine-generating units. The resuits are not what | would have ex- 
pected, and users of these dats should be altered to differing results from 
turveys made by others. I have made a number of surveys of the reliability 
of diese! and gas-turbine-generating units of various sizes and wil] be making 
a comparison of the results with this new survey. 


L. D. Momaghas (Hartford Steam Boiler Inspection and Insurance 
Company): My comments are directed at the corrective maintenance cate- 
gory. The corrective maintenance code should indicate why the corrective 
maintenance wae necessary. The cause should addreas such things as lack of 
preventive maintenance or a mamufacturer’s defect. Knowing the reason for 
the maintenance would help the user of these data to differentiate between a 
manufacturing problem and an operational problem. Another suggestion is 
for the maintenance category to be subdivided into routine, preventive, and 
lack of maintenance. 


Rickard H. McFadden, Peter L. Appiguant, and Gary DeMoes (Science 
Applications International Corporation): This peper represents a significant 
new base of reliability data for the most popular types of smati generat- 
ing units and will be # valuable resource for intelligent decisions between 
dicsel- and gas-turbine-powered generation. The authors’ component coding 
approach is excellent and would be a good basis for a standardized “compo- 
nent taxononty”’ for diese] and gas-turbine generators. 

The paper raises some questions for which answers would be valuable to 
system and reliability engincers contemplating similar projects, and we would 
appreciate the authors’ comments on them. 

First, as the authors remark, failure to start is the predominant failure 
mode of units of both types in ‘‘standby” service. (Independently developed 
reliability statistica on both nuckear-plare standby diesels end utility peaking 
g% turbines send to confirm this observation.) Aa the suthors also imply, the 
distinction between stendby and continuous service is blurred in the industrial- 
commercial environment, because even the sets in nominally “continuous” 
duty typically operate cyclically. with many more starts than a base-loaded 
generating unit. Since starting reliability seems to be a critical RAM pe- 
Tameter, why are failure rates calculated exctusively in terms of failures per 
unit-year rather than failures per demand? The level of detail of the failure 
analysis in the paper suggests thet the raw data were sufficient to distinguish 
between time- and demand-retated failures and allow both failute rate per-unit 
time and failure-probability per demand to be calculated. 

Second, although the RAM data were not conclusive and judgments about 
the relative merite of diesels versus gas turbines probably were outside the 
scope of this study, did the author: develop any insights into the optimum 
selection for various industrial, commercial building, and institytional appti- 
cations? 


P. F. Alerecit (General Electric Company): A key parameter for standby 
units is starting reliability. The text mentions starting reliability but does not 
give any statistics. I cannot determine how starting failures were treated. | 
astumne they were counted as forced outages. 

Aaother i event is “failed while not running.” This is not discussed 
at atl. These could be failures discovered by periodic testing or inspection. 
‘Thus, test frequency may be a very important pararheter in determining op- 
erating availability. It does ut appear thet this fector was considered in the 


survey. 

Basically, the suthors have snalyzed the data using a conventional two- 
state model approach. They have expressed results on both a period-hour 
and operating-hour base to suit a ‘variety of applications." In fect, & two- 
state model is nol very useful for standby units, aad the results presented are 
therefore difficult to use. 


Pat O’Doanell (Ei Paso Natural Gas Company}: The cetiability survey data 
on diese! and gas-turbine generators collected by ARINC Research Corpo- 
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ration appear to provide an excellent data base for meaningful reliability 
atudies on importam equipment types. The results reflect an obvious intense 
and praiseworthy effort in assembling = well-organized and complete date 
base for its intended purpose. Personal plant visits, as reported in the paper, 
especially add to the credibility of the results. Although particular details on 
applications and circumstances of use are not listed, the number of plants, the 
number of power systems, periods of time, and the number of events counted 
are impressive and reflect very credible results. 

As with any reliability survey, a given set of resuits always leads to ques- 
tions and concerns related to any user's given experience background, and 
asually further manipulation and analysis of the data are required. My in- 
tent is to point out some questions and concerns that, hopefully, will lead 
to additional analyses. In many industries, economic studies comparing gas 
tarbine/gencrators with reciprocating engine/generaiors are usually straight- 
forward and simple, with the exception of reilability comparisons and the ef- 
fects of reliability on economics. Hopefally, these new data will add a missing 
link and allow more meaningfui and accurate comperisons to be made. 

An important concern in evaluating the categories surveyed is the speed of 
the diese! engine. Typically, continuous duty units are designed and applied to 
run at slower speeda than standby units, “High-speed” reciprocating engines 
(e.g-, 1200 r/min and higher) require frequent maintenance and predictable 
repair downtime compared with slow-speed units that simply do not experi- 
ence the same mechanical stress. One would expect a higher failure rate or 
higher frequency or maintenance, or both, for high-speed engines than for 
nlower speed engines. Will the data allow speed ranges to be identified and 
corresponding reliability comparisons to be made? 

Starting reliability is an important concern, especially for standby or emer- 
gency applications. It is unclear if the failures shown for “starting systems” 
also mean “‘failures to start.” The data might, in some cases, reflect com- 
ponent failures even though the generator set successfully started. Actual 
“failures to start would be beneficial in comparing diese! engines with gas 
tarbines, since there are many who believe there is a significant difference. 
Whether a unit is locatly or remotely started normally requires an assessment 
of reliability in starting. The impact of « failure to start is obviously different 
when personnel are on site to address a problem immediately as compared 
with when personne! must travel to a site to address a problem. 

Another concern that is important to reliability is the (ype of starter used. 
it appears from the date presented here that air and ciectric motors are two 
types of starters used. In the natural gas industry, expansion gas turbines are 
commonly used for starting turbines and definitely are much more reliable 
than electric starters, primarily because of the available gas suppty. Can a 
choser analysis be made comparing the air systems with the electric motors? 

Also regarding starting, the results reflect significant difference in failure 
rates between “‘continuous” and “standby” diesel units and “continuous” 
and “standby” gas turbines and state that this may be related to differences 
in actual in-use hours. One would also expect that the frequency of starting 
is differem and might impact failure rates. Can this analysis be made? 

The fuel system appears to be a significant contributor to failures. It is 
interesting that on “continuous” gas turbines, the fuel system ia the lesst 
reliable part of the package. It would be beneficial if reasons could be identi- 
fied. Are different types of fuels involved? If so, will the date collected allow 
comparing failure rates for each type? 

The tabuisted resuits in Appendix II, Tables Vill and IX, of the report 
suggest that possibly not all diesel units are truly packaged type (e.g., cooling 
towers, water heater). Can the data de refined further to identify which units 
are truty scif-comained? 

A last point of concern regards mainsenance. A reciprocating engine is ex- 
pected to be more demanding in routine maintenance requirements than a gas 
turbine. To qualify this statement, this is to say thet it is casler to leave a gas 
tarbine unattended, once it is running, than it is a reciprocating cagine, espe- 
cially if they are nanning continuously. There are various reasons why, some 
of which are the way the units are typically instrumented for protection and 
the sumber of moving parts and wear, If the MTBCM data include scheduled 
maintenance cycles, a comparison of failure rates for differert cycles would 
be meaningfut. 

The resuits here reflect an excetlent collection of data and should be very 
beneficial in making comparisons of these equipment types. In the applica- 
tion of celiability data an inevitable concern is the reason for differences in 
reliability between equipmen types and applications. One obvious practical 
benefit is to be able to identify what corrective actions are encouraged by 
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TABLE XII 
Comtarson or Diese: anp Gas-Turema Startmo Rauasiuty Srupres 


IeV6C060a636eenu06——w—“xoowoa*sww0T0w@nna@manamem9a@aouu09Daua@m@ammum9090D 


Number San Failed Marti 
Source of Units Attempts Starts Reliabittty 
Gas-Turbine Starting Reliabitity Studies 
ARINC Research Corporation! 7 3.555 17 0.9952 
Boaz, Allen & Hamilton* Ke] 12,316 a 0.9935 
Kongsberg Dresser Power? 38 17.749 141 9.9921 
AT&T“ 2B (3,644 106 0.9922 
Dicse! Starting Reliability Studies 
ARINC Research Corporation! _ _ - 0.97 
Electric Power Research Institute (EPRI 155 22,320 83 0.9963 
Consumecs Power Company —Big Rock Puoint® 2 669 12 0.9821 
Northeast Utitities—Millstonc® 3 632 3 0.9954 
Northeast Utilities—-Connecticut Yankec* 2 642 2 0.9969 
Commonwealth Edison Company—Zion* 4 1.693 x» 0.9823 
Consolidated Edison Company of New York, 
Inc.—Indian Point® 6 424 4 0.9906 
institute of Nuclear Power Operations (INPOY —_——-—-+_____—_. ata not available - 0.9120 
EPR -——_————. Data not available ———__-_-—_-—_» 0.9829 


A i ee 


‘ARINC Research Corporation. Final Report—RAM Study of Diesel and Gas-Turbine Generator Sets. Publication 4219-03-01-4803, 


October 1988. 


Booz, Allen Apptied Research. Small Gas Turbine Start investigation, April 1970. 
‘Kongsberg Dresser Power. Internal Study Comparing Diesels with Gas-Turbine Engines (unpublished), 1984. 


“AT&T. Internal Study for Gas-Turbine Reliability (unpublished), 1980. 


SElectric Power Research Institute. Reliability of Emergency Diesel Generators at U.S. Nuclear Power Plants. NSAC 108. September 1986. 
SU.S, Nuclear Regulatory Commission. Nuclear Computerized Library for Assessing Reactor Reliability (NUCLARR). NUREG/CR-4639 


EGG-2458, Volume 5. RX, June 1988. 


"Institute of Nuctear Power Operations. Nuclear Plant Reliability Data System, 1982 Annual Report, 1983. 
"Electric Power Research Institute. Diese! Power Reliability at Nuclear Power Plants: Data Pretiminary Anatysis. NP-2433, June 1982. 


a user and which are encouraged by a manufacturer. Hopefully, additional 
analyses will be made addressing the concerns of this discussion and other 
similar concerns stimulated by the results presented here. 


Closure 
The authors appreciate the thorough review and the many constructive com- 
ments and recommendations offered in the preceding discussion. While space 
limitations prohibit addressing ail of the suggestions offered, a response to 
some of the more frequently cited comments is provided in the following 
paragraphs. 

Obtaining data on unit starting reliability was one of the objectives of 
the study. However, most of the plants surveyed did not record data neces- 
sary to determine starting reliability. While it was often possible to identify 
start failures through interpretation of the maintenance even descriptions, the 
number of start attempts was typically not retrievable. In addition, our discus- 
sions with plant personnel indicated that many start failures were corrected 
through minor adjustments that were usually not documented in maintenance 
or operating records. Because of the limited data available, starting reliability 
statistics were not presented in the paper. 

Some information on starting relisbility was obtained during the study. 
‘These data are presented in Table XII. Seven gas-turbine units provided data 
on start attempts and start failures during periodic testing. To obtain estimates 
of diesel starting reliability, we surveyed plant managers of four of the standby 
dieset plants to estimate the number of start failures in 100 attempts. We then 
averaged these estimates to obtain an estimated diesel starting reliability. Table 
XII also shows a comparison of values for diesel and gas-trrbine starting 
reliability. 

With regard to maintenance, data were categorized on the basis of the na- 
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ture of the individual maintenance task performed for each event. The main- 
tenance codes do not refer to the cause of failure of the overall maintenance 
program for the plant. Additional reduction and analysis of the collected data 
would be required to investigate these issues. 

An important feature of the computerized data base developed in this survey 
is the ability to sort and arrange the data to analyze specific issues regarding 
plant configuration, design. or operation. The preceding discussions have 
provided several! beneficial suggestions for additional analyses. The results of 
additiona! data analyses or data collection activities under this program will 
be discussed in subsequem papers. 
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Reliability/Availability Guarantees of Gas Turbine 
and Combined Cycle Generating Units 


Thomas E. Ekstrom 


Abstract— This paper is an updated and revised version of 
the 1992 ASME paper 92-GT-208 “Reliability measurements for 
gas turbine warranty situations.” It recognizes that reliability 
performance is receiving significant and increasing attention in 
the bid requests for new gas turbine generating units. Reliability 
guarantees backed by liquidated damages clauses are becoming 
more the rule rather than the exception. But the power generation 
industry does not have a universally accepted set of reliability 
measurements, and the more commonly used measurements are 
not always used appropriately, nor are they sufficiently refined 
for the warranty situation. 

This paper is intended to provide the guidance, structure, and 
refinement needed for meaningful reliability measurements and 
reliability warranties. 

Four key areas of reliability measurement: starting reliability, 
running reliability, availability and equivalent availability are 
separately explored, Within each of these areas there is the flexi- 
bility and the need to adapt the measurement system to the varied 
operating regimes and philosophies encountered such as: peaking 
versus contincous service, limited scopes of supply, different 
tevels of maintenance intensity, chargeable versus nonchargeable 
outage events and emotionai/political/optical acceptability (i.e., 
3% Forced Outage Factor versus 40% Forced Outage Rate). 
Warranty structuring rationale and suggested contract language 
are provided to address such needs as a rigorous and explicit 
operating log, certification of data, measurement uncertainty, 
assurance of readiness, and risk assessment. 

The suggestions presented herein have been constructed with 
logic and fairness. They have been applied with good acceptance 
te over 30 contracts in the past three years. This paper will be 
beneficial to all architect engineers, utilities, independent power 
producers, and OEM’s that become involved with the measure- 
ment of reliability or the structuring of reliability warranties. 


I. INTRODUCTION 


T HAS been said that gas turbine value is measured in 

terms of performance and reliability. And to insure the 
receipt of that value, the electric utility industry is increasingly 
seeking warranties on both performance and reliability in its 
contracts for new gas turbine power plants. But common 
practices and the available standards for measuring reliability 
are inadequately structured for warranty situations. This paper 
addresses these needs. In this paper the word “reliability” is 
frequently used in the broad sense. Reliability warranties may 
typically apply to any of the following specific measurements: 


Paper ICPSD 94-52, approved by the Power Systems Engineering Com- 
mittee of the IEEE Industry Applications Society for presentation in part at 
the 1992 American Society of Mechanical Engineers Meeting, and in full at 
the 1994 IEEE Industry Applications Society Annual Meeting, Denver, CO, 
October 2-7. Manuscript released for publication February (3, 1995. 

The author is with GE Power Generation Engineering, Gas Turbine Appli- 
cations Engineering, Schenectady, NY. 12345-6001 USA. 

IEEE Log Number 9411435. 


1} Starting Reliability: The expected likelihood that a gen- 
erating unit can successfully start on demand and/or within a 
given time period. 

2) Running Reliability: The expected likelihood that a gen- 
erating unit can provide electricity when requested. Mea- 
surements of running reliability deal with unplanned events 
and generally exclude all outages associated with scheduled 
maintenance activities. 

3) Availability: The expected portion of period time (typ- 
ically a year) that a generating unit is capable of providing 
electricity. Availability considers all outage activity, both 
planned and unplanned, forced and scheduled. 

4) Equivalent Availability: Similar to availability but fur- 
ther refined by capacity adjustments to reflect the cumulative 
energy production capability. It becomes the expected portion 
of energy output available over a period of time (typically one 
year) and is applied where the availability measurement must 
also reflect the effect of reduced capacity operating modes. The 
concept of “Equivalent ...” can also be applied to running 
reliability measurements. 


I]. CURRENT STANDARDS AND DATA COLLECTION SYSTEMS 
Technically speaking, the domestic (USA) electric utility 


_ industry has one formal standard for reliability terminology. It 


is ANSI/IEEE Standard 762-1987, entitled “IEEE Standard 
Definitions for Use in Reporting Electric Generating Unit 
Reliability, Availability, and Productivity” {1}. It was written 
for base-loaded power plants and defines no less than 66 
reliability-related terms plus some 25 performance indexes 
(none of which are explicitly named “reliability” or “running 
reliability.”) IEEE Std 762 is fairly new and to the author's 
current Knowledge, there are no industry databases or Operator 
data collection systems that are strictly based on the IEEE 
Std 762 definitions. The more commonly used definitions in 
the United States are those of the North American Electric 
Reliability Council (NERC), as applicable to its Generating 
Availability Data System (GADS). A significant number of 
domestic (USA) utilities supply annual operating data to the 
GADS data base. The NERC GADS definitions are slightly 
different from the [EEE Std 762 definitions but NERC is 
gradually changing its definitions to be more in line with the 
TEEE standard. And despite the IEEE and NERC definitions, 
the majority of utilities still use their own “home-grown” 
traditional measures which tend to combine classical relia- 
bility theory with specific system configuration, operating or 
administrative needs. 


0093-9994/95$04.00 © 1995 [EEE 
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The objectives of IEEE and NERC relate to the gathering 
and presenting of broad system operational data on a consis- 
tent basis. But component failure rate data and failure cause 
data have not been rigorously kept and no effort has been made 
{O assess maintenance intensity effect. Force majeure events 
are not subtracted. Downtime is not segregated into active 
repair effort, waiting time, or unapplied time. Consequently, 
the IEEE and NERC definitions structures have not been ad- 
equate to support the needs of equipment reliability engineers 
nor to support real-world reliability/availability warranties. 
Nonetheless, the concepts, definitions, and formulas of IEEE 
Std 762 and NERC GADS still provide an excellent starting 
point. The terms and recommendations in this paper utilize, 
expand upon, and generally flow with these “standards.” 

Another database receiving increasing attention is the Op- 
erational Reliability Analysis Program (ORAP) which was 
devised by GE in 1976 and is currently managed by Strategic 
Power Systems Inc., a private company in Albany, NY. 
It utilizes the old standard terminology of Edison Electric 
Institute but was set up as an “events-based” database to 
specifically serve reliability engineering needs. It presently 
includes more than 4500 unit-years of comprehensive gas 
turbine operating data and provides fleet performance reports 
and failure rate data to the users, EPRI, architect engineers 
and the OEM’s. Today, with the ever-increasing flexibility 
of computers, systems such as the ORAP system have the 
capability to support the most detailed categorization of events 
and then provide for multiple analysis and reporting. From one 
set of operating data, the computer can generate the standard 
fleet performance reports, the appropriately categorized NERC 
GADS data (or results), the utility’s preferred internal perfor- 
mance report and a unit or plant warranty performance level 
measurement set under custom-tailored warranty conditions. 


Ill. STARTING RELIABILITY 


Starting Reliability (SR) is easily understood as the ratio 
of the number of successful starts to the number of attempted 
Starts. 


successful starts 


(NERC). (1) 

However, when starting reliability is to be measured care- 
fully, there are a number of “special situations” that must be 
considered, adjusted for, and sometimes contractually quali- 
fied. The most typical are: 


* multiple initiations of the “start” command without inter- 
vening corrective action(s), 

* “test” starts and “maintenance” starts, 

¢ starting failures caused by other than contract-furnished 
equipment, 

* starting time allowance period, 

* operator or procedural errors, 

* start sequence aborts by operator or dispatcher discretion 
with no equipment failure, 

* load level reached for a “successful start,” and 

« starting reliability measurements for components, subsys- 
tems and partial plants. 
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Fig. 1. Starting — failure outage _times. 


tion—MS7001E/EA units 1978-1989. 


To illustrate the importance of the above “special considera- 
tions,” consider the concept of the starting time allowance pe- 
riod as incorporated in the IEEE standard but not in the NERC 
GADS or standard ORAP definitions. The IEEE standard 
allows that repeated initiations of the starting sequence, within 
a user-specified period (typically 20 or 30 min) be counted 
as a single attempt. The significance of this distinction is 
evident by the fact that 74% of the starting failures (see Fig. !) 
reported in the ORAP data base under the NERC definition 
are followed by a successful start within six minutes time of 
the “failure” and have minimal impact to the service demand 
request. When a five-year ORAP history of GE MS7001E/EA 
units was assessed the starting reliability averaged 93% by the 
NERC definition but 98.2% by the IEEE Std 762 definition! 

The IEEE Std 762 formula for starting reliability basically 
enables fair treatment of all the “special situations” described 
previously by focusing only on the number of chargeable 
failures to start. This is accomplished by making a subtle 
formula change to : 


SS 
SS + SF 


where SS = [Chargeable] Starting Successes, and SF = 
[Chargeable] Starting Failures. 

IEEE Std 762 then offers some basic qualifications through 
its definitions. But warranty situations require expanded qual- 
ification as suggested here along the lines of IEEE Std 762. 

A Qualifying Starting Attempt is the action intended to bring 
a unit trom shutdown to the in-service state under conditions 
that qualify for inclusion in the warranty. Repeated initiations 
of the starting sequence within the allowable specified starting 
time period or without accomplishing corrective repairs are 
counted as a single attempt. 

A Chargeable Starting Success is the occurrence of bringing 
a unit through a qualifying starting attempt to the in-service 
state within a specified period, as evidenced by maintained 
closure of the generator breaker to the system. 

A Chargeable Starting Failure is the inability to bring a unit 
through a qualifying starting attempt to the in-service state 
within a specified period for failure reasons chargeable to the 
warranty. Repeated failures within the specified starting period 
are to be counted as a single starting failure. 


Starting Reliability = (IEEE) (2) 
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Fig. 2. Starting reliability MS7001 domestic units. 


A third formula for starting reliability is used in the ORAP 
system for engineering analysis of component and subsystem 
performance. 


F nas SA -SF 
Starting Reliability = SA 
where SA = Qualifying Starting Attempt, and SF = [Charge- 
able} Starting Failures. 

This “Engineer’s” formula, like the IEEE formula, accom- 
modates the “special situations” fairly well and actually offers 
the most representative measure of equipment performance. 
But it tends to err on the optimistic side while the NERC- 
GADS and IEEE formulas tend to err on the pessimistic side. 
For example, a starting attempt aborted midway through the 
start sequence by the operator, but not associated with any 
equipment failure, would be counted as a failed start by NERC- 
GADS, would not be counted at all under IEEE Std 762, and 
would be counted as a successful start by this ORAP formula. 

When selecting a measurement formula and warranty con- 
text for starting reliability guarantees, there need to be rules: 
What is chargeable, and what is not? The maintenance- 
readiness environment should be addressed. And the measure- 
ment should statistically reflect the inherent starting reliability 
of the equipment. Financial penalties should not be incurred 
in a warranty situation simply due to the natural randomness 
of starting failures. Here are some examples of SR warranty 
considerations: 


1) Repair verification starts and failures-to-start from 
equipment not furnished under the contract should not 
be chargeable to the warranty. 

2) If the equipment has not been successfully started within 
a reasonable period (e.g., 30 days) then, for compromise 
of readiness, the next starting attempt should not be 
considered a qualifying start attempt. 

3) In order to realize the significantly higher SR levels 
associated with the IEEE starting time allowance clause, 
there should be technically competent supervision and 
appropriate maintenance personnel available at site to 
expeditiously facilitate correction of the minor and “pro- 
cedural” errors that typically account for the five-minute 
start-up delays. Remotely dispatched sites typically do 
not have this benefit. Fig. 2 illustrates the numeric 
magnitude of this difference. 

A good measure of starting reliability considers measure- 

ment precision and representativeness, commonly referred to 


(Engineer’s) (3) 
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Fig. 3. Conceptual classification of outage time (NERC GADS). 


as measurement uncertainty. It takes 100 start attempts for the 
data alone to be precise to the nearest one percent. And it 
takes 1000 start attempts for the measurement to statistically 
represent the true-inherent equipment SR with one-percent 
accuracy at the 90% confidence level! Therefore it is always 
tecommended to combine the starts data from all similar units 
at the same site and maybe for multiple years to obtain a better 
and more representative data set. Obviously a machine that is 
started less than 50 times per year is a poor candidate for a sin- 
gie unit starting reliability warranty. Here is a way, however, 
that this measurement uncertainty can be fairly addressed. 

If the starting reliability measurement must be made with 
an accumulation of less than 500 start attempts, the statistical 
measurement uncertainty shali be recognized by providing an 
allowance from the guarantee level. The Measurement Uncer- 
tainty Allowance shall adjust the point of damages initiation 
based on the cumulative binomial probability function and the 
actual number of start attempts so as to assure with 75% 
confidence that the indicated (measured) shortfall is due to 
equipment deficiency rather than the random nature of failure 
occurrences. 

The author recommends that the IEEE Std 762 formula be 
used for starting reliability guarantees since it is most univer- 
sally acceptable, allows focus on only the chargeable starting 
failure events, and is already set up as a published national 
standard. Starting reliability guarantees are not recommended 
for base load and continuous service units that experience 
infrequent starting. Appendix A provides a suggested generic 
write-up for a multi-unit Starting Reliability warranty. 


IV. OUTAGE CLASSIFICATIONS 


Before discussing running reliability and availability, which 
are primarily time-based measurements, one should review the 
principal classifications of outage time. For this, a picture is 
worth a multitude of words and this “picture” (see Fig. 3) is 
. ‘sed on the familiar NERC GADS definitions. 

1) SF = Starting Failure. Under IEEE Std 762, this is 

called a Class 0 Unplanned Outage. 

2) Ul = immediate Unpianned Outage. IEEE Std 762 

call this a Class 1 Unplanned Outage and both NERC 
and iEEE allow assignment to this classification from 
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either the in-service (running) state or from the shutdown 
(nonrunning) state. IEEE additionally permits scheduled 
outage extension time to be reclassified as Class } 
depending on the cause of the extension. The ORAP 
reporting system takes a different approach to U1, U2, 
and U3 forced outages which will be discussed later. U1 
failures are obviously the most critical failure events. 


3) U2 = Delayed Unplanned Outage. Similar to U1 but 
less urgent; NERC-GADS generally allows the machine 
to delay the outage to the end of its daily run. IEEE 
Std 762 calls this a Class 2 Unplanned Outage and 
more specifically requires that unit be removed from the 
in-service state within six hours. 


4) U3 = Postponed Unplanned Outage. Both NERC GADS 
and JEEE identify this as an outage that can be post- 
poned beyond the U2 level of urgency but must be 
removed from the in-service state before the end of the 
next weekend. [EEE Std 762 identifies U3 outages as 
Class 3 Unplanned Outages. 


5) MO = Maintenance Outages. IEEE Std 762 identifies 
maintenance outages as Class 4 Unplanned Outages and 
with NERC GADS qualifies these outages as those that 
can be delayed beyond the next weekend but must be 
attended to before the next [long-lead] planned outage. 
The ORAP definition of maintenance outage is slightly 
broader as it picks up a few of the U2 outages and many 
of the U3 outages. Note that maintenance outages occur 
for unplanned reasons but can be sufficiently delayed to 
be classed as “scheduled” outages. 


6) PO = Planned Outages. Both IEEE Std 762 and NERC 
GADS identify planned outages as those that are sched- 
uled well in advance and have a predetermined duration. 
Extensions of planned outage are noted as such under 
NERC GADS and continue to be counted as more 
planned (and scheduled) outage hours. But according 
to FEEE, pianned outage extensions may be retained as 
unplanned outage extensions or reassigned to Class | 
or Class 0 unplanned outages depending upon extension 
cause. 


Administrative Outage Hours (AQH) are a category not 
identified under either IEEE Std 762 or NERC GADS but 
very necessary for warranty situations. It provides a charg- 
ing category (or location) for outage hours that might not be 
chargeable under the warranty such as force majeure events, 
waiting time, nonapplied time, noncovered equipment outages, 
etc. Furthermore, it can also be used to separate the service in- 
tensity/effectiveness aspects from the nominal inherent equip- 
ment aspects in cases where the warrantor is not responsible 
for providing the maintenance service. In application, the AOH 
hours are removed from the IEEE or NERC unplanned outage 
hours and then either removed totally from the measurement 
or credited as available hours. 

As mentioned previously, the basic ORAP reporting system 
treats the forced outage categories differently from the NERC 
GADS and IEEE classifications. The distinction primarily 
relates to whether the unit was running or in the shutdown 
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State at the time of initiation of the outage state. The four 
standard ORAP forced outage categories are: 

1) FS-Starting Failure 

2) FOA-Automatic Trip from the running state 

3) FOM-Manual Trip from the running state 

4) FU-Forced Unavailability from the shutdown state. 


The ORAP maintenance outage categories roughly corre- 
spond to the NERC GADS’ MO and PO and are: 

1) MU-Maintenance Unscheduled 

2) MS-Maintenance Scheduled. 


The ORAP outage classifications plus identification of non- 
curtailing events particularly serve the reliability engineering 
needs and enable the measurement of failure rate from the 
running state. MTBF data for gas turbines are generally more 
appropriate when based on service time and failures from 
the running state. The ORAP system also reports concurrent 
maintenance activities to assist design engineers and to better 
support MTTR assessments. NERC GADS is planning to pick 
up these capabilities. 

As can be seen from above, the NERC GADS, SPS-ORAP, 
and IEEE outage classification systems are somewhat similar, 
but not identical. The variations in outage classification def- 
initions plus operator judgement on classifications are quite 
minor in the aggregate of many unit-years of data. But in the 
context of measuring performance for a single unit for a single 
year, and then considering financial penalty or “liquidated 
damages,” such variations can be extremely important. A well- 
written warranty contract document will greatly reduce future 
conflict over rules and operator interpretations. 


V. RUNNING RELIABILITY 


Reliability is defined (in essence) as “the probability that 
the equipment, or system, can fulfill its function for the 
planned period of need.” But while there is widespread general 
agreement with this concept, there is unfortunately a large 
number of significantly different measurement formulas being 
applied to quantify “reliability.” This group is often referred 
to as “Running Reliability” (RR) measurements (to distinguish 
them from starting reliability measurements) and their one 
point of commonality is that they all generally exclude planned 
shutdowns from the measurement. 

For the sake of reliability understanding, and to more 
quickly relate to the many formulas faced by users, A/Es 
and OEM’s; some of the more commonly used formulas will 
be defined, explained and compared for different operating 
service profiles. Please note that some formulas are better 
suited to specific warranty or engineering situations than are 
other formulas. 


A. RR=(1—FOF) [GT traditional formula] (4) 
where FOF is the Forced Outage Factor and 


Forced Outage Hours 


a Period Hours 


(5) 
The author’s company has traditionally used this formula for 


reliability because: 1) the Forced Outage Factor tends to be 
somewhat independent of service duty, and 2) the FOF can 
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Fig. 4. Forced outage factor. MS7001 domestic (USA) units. 


be directly subdivided to the contributing elements. Forced 
Outage Factor is formally defined by both NERC GADS and 
IEEE Std 762; it typically runs in the 1% to 4% range (see 
Fig. 4) and is a reasonably well accepted reliability measure 
for high use machines. It is the reliability measure used in 
ORAP. The minor problem with this measure is that while an 
FOF of 2% yields a good reliability number of 98%, most 
users/operators are not impressed with the thought of 175 
forced outage hours per year on machines used only 100 to 
300 service hours per year. The more common and preferred 
form of this traditional GT formula, is as follows: 


_ Period Hours ~ FOH 


RS Period Hours (6) 


For warranty situations, FOH are chargeable forced outage 
hours. 


B. RR=(1—UOF) [“UOF” formula] 
where UOF is the Unplanned Outage Factor and 


(7) 


FOH + MOH 


UOF = PH 


(8) 


FOH Forced Outage Hours, 
MOH _ unplanned Maintenance Outage Hours, and 
PH Period Hours. 


This UOF formula is similar to the traditional GT formula 
(4) except that it includes all unplanned outages (forced plus 
maintenance}. Some ORAP historical data has shown that the 
Maintenance Outage Factor runs at about two-thirds of the 
Forced Outage Factor. So the “example” machine with a 2% 
FOF might have 1.3% MOF for a total of 3.33% Unplanned 
Outage Factor and a “UOF Reliability” of 96.7%. 


Cc. RR=(1—FOR) {utility FOR formula} 
where FOR is the Forced Outage Rate and 


(9) 


Forced Outage Hours 


FOR = (10) 


Forced Outage Hours + Service Hours’ 
The Forced Outage Rate (FOR) is a long established utility 
industry measurement formally defined by both NERC GADS 
and IEEE. It works fairly well on high use machines and it 
is often used for utility reliability calculations including loss 
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of load probability planning. It loses its appropriateness and 
attractiveness when applied to low usage machines in standby 
or traditional “peaking” service. The “example” machine with 
175 forced outage hours and 100 service hours per year has 
an FOR of 63.6% and a reliability of 36.4%! The optics are 
bad. Part of the problem with FOR, as a measurement, is that 
no credit is given for reserve shutdown time when the unit is 
fully available on standby. Another part of the problem is that 
ail elapsed time forced outage hours (FOH) are debited even 
though a large percentage of the FOH might occur during 
periods of nondemand. 


D. _ PH - FOH - SOH - AOH 


RR= —pH-S0H—AOH oY 
[European formula] 
where 
PH Period Hours (one year—8760 h), 
FOF Forced Outage Hours, 
SOH Scheduled Outage Hours, and 
AOH = Administrative Outage Hours. 


This formula, seen frequently in European bid specs, is vari- 
ously called “Forced Outage Availability” or “Running Avail- 
ability” or just plain “Availability.” It is the truest measure 
of the time-based probability for avoidance of forced outages 
and it is fully suitable as a warranty measure for units of any 
service application whether peaking or continuous service. The 
“Administrative Outage Hours” (AOH) category admirably 
covers any number of “stop-the-clock” provisions for outage 
events that should not be charged against the equipment. To 
continue the example: If the machine with 175 forced outage 
hours and 100 service hours also had 200 scheduled outage 
hours plus 20 administrative outage hours, its annual “running 
reliability” would be 97.95%. The European formula also has 
alternate forms that sometime appear in bid specifications 


SH + RSH 
SH + RSH + FOH 


where SH = In Service Hours (fired hours), RSH = Reserve 
Shutdown Hours, and FOH = Forced Outage Hours, and also 


RR= [European Version 2] (12) 


Sa, Available Hours 
~ Available Hours + FOH 


MTBF 
+ 


{European Vers. 3]. (13) 


E. Reliability = [textbook formula](14) 
where MTBF = Mean Time Between Failures, and MTTR = 
Mean Time To Repair. This classical textbook formula [2] is 
used in the EPRI UNIRAM program and is often applied to 
components or subsystems. It originated as a measurement of 
reliability for systems that were expected to be in continuous 
service such as telephone and communications systems. If the 
MTBF is measured in period time (clock/calendar hours), the 
result numerically approximates the GT traditional formula 
(4). If the MTBF is measured in service hours, the result 
numerically approximates the utility FOR formula (9). This 
formula and the terms MTBF and MTTR are more often 
tools of the reliability engineer than the power plant operator. 
There are at least two reasons why this is not a good formula, 
or measure, for warranty purposes: 1) The terms MTBF and 
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MTTR are derived, rather than directly-measured values, and 
2) it tends to be overly sensitive to event rate. 


F. RR = (i -CFOR) {corrected FOR formula] (15) 


where 


CFOR = Corrected Forced Outage Rate 
CFOR = (FOH)(DDF) 


(FOH\(DDF) + SH MS) 


and 


FOH Forced Outage Hours, 

DDF Daily Duty Factor, 

(Fired Hours per Start)/24, and 

SH — Service Hours. 

The Corrected Forced Outage Rate (CFOR) is an attempt 
to more fairly apply the concept of Forced Outage Rate 
(FOR) to low usage situations such as “peaking” duty. See 
[3] for a complete discussion of this approach. This formula 
is purported to be an applied approximation of a four-state 
Markov model (with which some utilities are experimenting), 
and through the Daily Duty Factor (DDF) it recognizes that 
much of the forced outage repair time is accrued when the 
unit is not in demand (and maybe not even being worked 
on). For the original example machine of 175 forced out- 
age hours and 100 service hours, we might ascertain that 
the average fired hours per start is 4.0. That gives a daily 
duty factor of 0.167, a CFOR of 6.8%, and a reliability of 
93.2%. Not as optically pleasing a number as the GT and 
European formulas produce but tremendously better than the 
36.4% associated with the uncorrected forced outage rate 
formula (9). This is a fair reliability warranty measurement 
for peaking units but it depends on a derived (or arbitrary) 
correction factor. It has seen little exposure and even less 
acceptance. 


G. RR =e [mission reliability] (17) 
where e = the base of the natural log (2.71828), 4 = the 
failure rate in events per hour which is also equivalent to 
1/MTBF, and ¢ = mission time in hours. Mission reliability 
is a classical reliability measurement tool and represents the 
probability that a mission of time (¢) will be successfully 
completed once started. Mission reliability is extensively used 
in military and aerospace design and is most applicable to 
continuously functioning components or systems where there 
is no opportunity for in-service repair. Unlike all of the fore- 
going reliability definitions (or formulas), mission reliability 
is oblivious to the repair or outage time. But it is still useful 
to estimate the probability of completing a run or to predict 
component failures. If the “example” machine has a 250- 
service-hour MTBF in peaking service, then the probability of 
completing a 4-h run is 98.4%, and that would be called the 
mission reliability. Mission reliability is an excellent design 
or system planning tool but a poor warranty measurement 
device. 


HW =H 1 OE pe index it (18) 


where SF = Starting Failures, FOE = Forced Outage Events 
(from the running state), and SS = Starting Successes. The 
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“Peaking Reliability Index” (PRI) is a fairly new approach that 
is quite attractive as a single, simple, fair, and overall measure 
for peaking or cycling duty units. It is strictly an “events” 
based extension of starting reliability that views the probability 
of not only starting, but completing a run. The simplicity 
of the measurement offers strong argument, particularly for 
warranty purposes. In the continuing example: As the peaking 
“example” machine sees 25 successful starts and 100 service 
hours, it likely endured one starting failure and maybe one 
forced outage event (a trip) from the running condition. 
The corresponding PRI Reliability is easily calculated at 
92.3%. 


UOE 


i =1-.--—~ 
Rees SF+S5 


where 

UGE Unplanned Outage Events, 

SF Starting Failures, and 

Ss Starting Successes. 
This alternate “Peaking Reliability Index” is a little broader 
than the first version, (18) above, in that it relates all unplanned 
planned outage events to the number of attempted runs. It is 
an excellent general measure of the freedom from unplanned 
outages. As the peaking “example” machine sees 25 successful 
starts, 100 service hours, one starting failure, one forced 
outage (trip) event, and one unplanned maintenance outage 
repair event accomplished during a period of no demand, the 
corresponding PRI-2 Reliability is calculated at 88.5%. 


J. RR = (Pavait)(SR\Pinission) (20) 


where Payail = probability of being available using the Eu- 
ropean formula (11), SR = Starting Reliability, and Pmission 
= probability of completing the mission using the Mission 
Reliability formula (17). This demand reliability formula is 
receiving increased usage by utilities as a planning tool for 
peaking and daily cycling units. See [4], which is both specific 
and encompassing in nature, and is an excellent collective 
measure for most generating units. It has a disadvantage of 
producing poor appearing numbers for units that target for very 
long continuous runs (thousands of hours). It is also somewhat 
complex for implementation as a warranty measurement. If 
the base case “example” machine has a starting reliability of 
96%, then the demand reliability is (0.9795)(0.96)(0.984) = 
92.5%. This is perhaps the best measure of the probability that 
a generating unit in peaking service will provide electricity for 
a period of demand. 

The dilemma of the existence and usage of so many 
formulas is tacitly acknowledged by the two leading USA 
norms, ANSI/IEEE Std 762 and NERC GADBS, in that neither 
attempts to provide a specific mathematical formula for the 
terms reliability or running reliability. 

The author has provided his rating of the applicability of the 
different running reliability formulas for use in different war- 
ranty and engineering situations (see Fig. 5). The basic criteria 
for the ratings on warranty measurements are as follows: 

1) The measure should have a tangible feeling; that is, it 

should be a simple measure calculated directly from 
counting hours and/or events. 


[P.R. Index-2] (19) 


(demand rel.] 
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Fig. 5. 


2) The measure should closely describe the probability of 
the machine being abie to deliver service when it is 
expected to be in service. 

3) There should be zero or minimum dependence on arbi- 
trary or approximated factors. 

4) The resulting number should have political and emo- 
tional acceptability; i.e., if it is a measure of reliability, 
it should read above 90%. 

Warranties on running reliability are reasonable for all ser- 
vice applications from peaking to continuous duty if the proper 
formula is selected. Warranty structuring for running reliability 
guarantees is concerned with good recordkeeping and careful 
outage management (including correct categorization of the 
forced outage events and the elements of restoration time). 
Furthermore, it is good to decide when writing the warranty 
terms whether the warranty is basically intended to nominally 
cover the equipment only or the equipment plus the user’s 
and/or manufacturer’s service system. Most manufacturers are 
not keen to pay liquidated damages for downtime hours where 
the user applied his limited maintenance resources to other 
projects because of other priorities. 

Appendix B includes a generic sample warranty statement 
(pilus qualifying clauses) for a running reliability warranty 
based on the “European” formula. 
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esa < 
Continuous 
ycng | 
Peaking INN aad 
Standby INN 
10,000 8000 6000 4000 2000 ot “00 200 500 400 B00 00 
Cute: BPRORAP Fired Hours Maintenance Hours 
SERVICE APPLICATION 
Service FH per #of Insp. Outage 
Duty. Factor Start Insp. Interval Hours 
% 
Continuous 80-100 = > 120 28 8675 88 
Base Load 30-80 >60 178 5048 276 
Cycling 10-50 0-20 160 3206 339 
Peaking 2-10 3-10 120 1072 355 
Standby 0-2 <4 2 1073 529 


Fig. 6. 


VI. MAINTENANCE INTENSITY 


The time-based measurements of availability and running 
reliability generally count the grand total elapsed outage hours 
without differentiating actual applied repair time from unap- 
plied time or planned tasks from ad hoc inspection activities. 
Some critical peaking or cycling units are overly maintained. 
And some minor two-hour repair tasks are logged at over a 
hundred outage hours because of low maintenance priority 
and idle time. Waiting time for replacement parts can have 
an even more serious effect. Availability can become more a 
measure of the service system than the inherent disposition 
of the equipment to perform. In reviewing ORAP data for 
many machines, it becomes obvious that the maintenance 
intensity effect is a very significant factor, it is driven by the 
operators’s need for the equipment and it can be correlated 
to the service application. Fig. 6 exquisitely illustrates this 
effect. 

The combustion inspection is a fairly standard gas turbine 
maintenance inspection, yet some operators perform it more 
often than others, and the average elapsed period hours taken 
to accomplish this inspection vary by 6 to | across the service 
application categories! From all 488 inspections the average 
amount of hours to complete is 306. But is the “average” rep- 
resentative? How about the manufacturer’s instruction book? 
Reference [5} estimates 12 eight-hour shifts (or as little as 96 
clock/period hours) for the MS7001 combustion inspection. 
The data indicate that this is reasonably demonstrated by 
the continuous duty units where the need and maintenance 
intensity are high, where three-shift maintenance is often 
employed, and where an offline, “replace-then-repair,” parts 
correction technique is applied. 
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Maintenance intensity effect is such a significant factor that 
it must be addressed with every time-based availability or 
running reliability warranty situation. All maintenance may be 
performed by the equipment supplier, or agreement reached 
on specific maintenance conduct, or a warranty qualification 
set up to exclude excessive inspection events and excessive 
wailing time. The additional subclassifications of outage time 
necessitate more detailed recordkeeping and a separate set of 
warranty performance measurements that will be numerically 
different from the normal ORAP or NERC GADS measure- 
ments. Two (or even three) “sets of books” will have to be 
kept. 


VI. AVAILABILITY 


Availability is the popular measure of the portion of time 
that a unit is available to serve load because it is not on forced 
outage, maintenance outage, or planned outage. NERC GADS, 
ANSIIEEE Std 762-1987 and ORAP recognize Availability 
as a key performance index and more specifically cail it the 
“Availability Factor” (AF). 


Available Hours 


Availability Factor = “Pecillo. (21) 
where 
Available Hours (AH) = PH ~ FOH — MOH - POH 
and 
PH Period Hours (one year—8760 h), 


FOH Forced Outage Hours, 

MOH (unplanned) Maintenance Outage Hours, and 

POH Planned Outage Hours scheduled well in advance). 

Sometimes the “availability” label is applied to a more 
limited measurement, one that removes scheduled outage hours 
or some other element. These situations have been addressed 
in Section V. And when “availability” becomes concerned 
with capacity levels or deratings or plant-leve! ratings (as it 
should with multi-shaft combined cycle units) it belongs to 
Section VIII. 

It should also be pointed out that while availability is an 
excellent measure for high usage machines, it is a relatively 
poor measure to be applied to low usage machines. In periods 
of low equipment need there is usually little incentive to 
accomplish scheduled or even essential maintenance in an ex- 
peditious manner. The inevitable stretch of outage time accrues 
unfavorably to the measurement. If the service application is 
low usage peaking service, it is advisable to consider a more 
appropriate running reliability guarantee along the lines of the 
“European” formula (11) or the “Peaking Reliability Indexes” 
(18), (19) or perhaps just a Starting Reliability guarantee. 

The structuring of availability warranties is similar to the 
structuring of running reliability warranties. For both, the focus 
is on the management of outage time, but for availability 
there must also be some control over the conduct of planned 
maintenance. And, in recognition of the fact that there will 
be nonchargeable outage time, the warranty version of the 
availability formula is preferably written as follows: 


AH 


Availability of Warranty = PH AOH 


(22) 
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Percent (%) 


Fig. 7, Availability. MS7001 domestic (USA) units. 


where Available Hours (AH) also equals PH - FOH — MOH 
~ POH — AOH and 

PH Period Hours (one year—8760 h), 

FOH Forced Outage Hours, 

MOH (unplanned) Maintenance Outage Hours, 

POH Planned Outage Hours (scheduled well in advance), 

and 

AOH Administrative Outage Hours (nonchargeable hours). 

Fig. 7 traces the average annual availability performance 
of the domestic (USA) MS7001E/EA units participating in 
the SPS-ORAP data system. Appendix C includes a generic 
sample of an availability warranty statement with qualifying 
terms. 


VIEL. EQUIVALENT AVAILABILITY 


When the term “Equivalent” is applied to availability or 
reliability it could mean several things. Under IEEE Std 762- 
1987 and NERC GADS it extends the concept of availability or 
reliability to account for varying capacity levels and in effect 
becomes a measure of energy production availability. This is 
the context advocated by this author. In other uses, the term 
“equivalent” is sometimes associated with an approximation 
type measurement that may have nothing to do with capacity. 
Sometimes, the term “equivalent” might be used to distinguish 
the subsystem level or component level from the full system 
generation level. For example, the reliability performance of 
a problematic limit switch might be described in terms of its 
Equivalent Forced Outage Rate (EFOR) which was deduced . 
from its MTTR divided by its (MTTR + MTBF). This paper, 
with its focus on warranty conditions, will look at three types 
(or levels) of “system” equivalent availability measurements 
which increasingly accommodate the capacity element. 


A. Equivalent Availability (EA)}—Level 1 “Block Method” 


The SPS-ORAP system has for many years been measuring 
the equivalent availability of combined cycle plants by merely 
extending the traditional time-based availability measurements 
to the full (multi-unit) plant. If one gas turbine of a four- 
unit combined cycle plant is unavailable, the plant may still 
be operated at about 3/4 capacity. If only the steam turbine 
is unavailable, and there are provisions (e.g., HRSG bypass 
stacks) for operating the gas turbines simple cycle, then about 
2/3 of the plant capacity is available. During these periods 
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of partial equipment unavailability the plant is respectively 
considered to be at 75% or 66.7% equivalent availability. 
This measurement system is fully described by [6]. By this 
measurement method, each major generating block is treated 
as being either available or not available to contribute a pre- 
established percentage of the plant’s output. This block method 
of equivalent availability measurement can also be calculated 
using the NERC and JEEE suggested procedures outlined 
later. 

The IEEE Std 762-1987 procedure for calculating the Equiv- 
alent Availability Factor (EAF) first establishes the normal 
time-based availability factor then provides a deduct in the 
form of equivalent derated hours for operation at derated 
capacity levels. 


_. available hours — equiv. derated hours 


EAF 
period hours 


(23) 


where 
Available Hours 
(AH) = PH — FOH — MOH - POH 
Equiv. Derated Hours 
({EDH) = EUDH + EPDH + ESEDH 


and 
PH Period Hours (one year — 8760 h), 
FOH Forced Outage Hours, 
MOH _ unplanned Maintenance Outage Hours, 
POH Planned Outage Hours (scheduled well in ad- 
vance), 
EUDH Equivalent Unplanned Derated Hours, 
EPDH Equivalent Planned Derated Hours, and 
ESEDH Equivalent Seasonal Derated Hours. 


The Equivalent Derated Hours are determined by multi- 
plying the derated operating time (hours) by the percentage 
of derating. If a four-unit combined cycle plant experienced 
unplanned unavailability of one gas turbine for 100 period 
(clock-time) hours, it is treated as a 25% “block” derating of 
the plant. For calculation purposes the plant available hours are 
still 100 hours (100%) but there would be the accumulation of 
(0,25) x (100 h) = 25 equivalent unplanned derated hours (100 
AH - 25 EUDH)/100 PH = 75% EAF. When the equipment 
capacity is limited, all hours are derated including not only the 
service hours, but also the reserve shutdown hours. Seasonal 
derated hours, as defined by IEEE and NERC and discussed 
later, are excluded or set to zero in the block method. 


B. Equivalent Availability—Level 2 
“Proportional Block Derating” 


A second example illustrates the “proportional” derating 
method which goes beyond the previous block method by 
considering deratings due to partial equipment failures. If 
another gas turbine generator in the same four-unit combined 
cycle plant had a generator rotor heating problem that pre- 
scribed a limit on output power to 92% of its rated capability 
for a period of 1000 h, then that gas turbine generating set 
would be operating with an 8% shortfall of capacity. By 
the proportional derating method, the plant would accumulate 


Copyright © 1998 IEEE. All rights reserved. 


JEEE 
Std 493-1997 


(0.08)(0.25)(1000) = 20 equivalent planned derated hours for 
the 1000 period hours of this generator shortfall. These 20 
EPDH would not have been counted under the previous block 
derating method, but here at level 2 they are counted together 
with the other equivalent derated hours. 

Using the Level 2 Proportional Block Derating Method, the 
plant is considered 100% avaiiable except when equipment 
failure reduces generating capacity. Then the amount of equiv- 
alent derating is established based upon engineering logic and 
negotiation. Accurately measuring the true amount of capacity 
shortfall is difficult as will become evident in the discussion of 
level 3 EAF. (Note: Appendix D provides a sample equivalent 
availability warranty based on the proportional block derating 
method). 


C. Equivalent Availability—Level 3 
Energy Measurement” 


The IEEE and NERC standards strive for a good measure of 
energy availability but have not fully addressed the significant 
(and nonfailure) factors influencing gas turbine output power 
levels such as: 


“Full 


¢ Ambient Climatic Conditions: Temperature, barometric 
pressure, and humidity can cause gas turbine output 
capability to vary by 10% or more in a 24-h period 
without any equipment failures or faults chargeable to 
unreliability. And seasonal variations can be worth as 
much as 30% change in output power capability. 

* Compressor and Turbine Cleanliness Levels: The state of 
cleanliness of the gas turbine’s compressor and turbine 
sections can impact output capability by up 10% in 
extreme cases. This is a site environment/maintenance 
issue; it is not a reliability issue, but should it be counted 
as equivalent unavailability? 

* Compressor and Turbine Degradation: Aging and wear 
cause clearances to increase and flow path surfaces to 
roughen, ultimately decreasing output capability by 5% 
or more in a normally unrecoverable manner. This is not 
usually categorized as equipment failure but some would 
have it be counted as equivalent unavailability. 

So, the measure of equivalent availability, on a full energy 
production capability measurement basis, is not just one of 
reliability or equipment failure, but also how to deal with 
the other major performance factors. An equivalent availabil- 
ity guarantee especially needs a very clear and explicit set 
of warranty terms and conditions. Despite the complexity, 
the full energy measurement basis of EAF is exactly what 
some independent power producers and nonutility genera- 
tors are seeking in order to insure the profitability of their 
ventures. 

One technical solution suggested by the author is to utilize 
a small computer model to first calculate the theoretical “new- 
and clean” performance on an average hourly basis from the 
manufacturer’s plant performance algorithms. Then, actual 
hourly output capability would be calculated by subtracting 
a cleanliness (fouling) correction, a degradation correction 
and an equipment failure correction (derating). Negotiation 
would determine which corrections would be included in the 
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TABLE J 


85% Confidence Levels 
on 95% inherent SR 


Number of — to Favor or Protect 
Start 
Attempts Seller Buyer 
20 90 Not 
Possible 
50 92 98 
100 93 97 
400 93.75 96.0 
1000 94.3 95.7 


EAF measurement. The value of each of the corrections is 
determined by regularly pressing the generating machinery 
to maximum operating level and recording the actual output 
power. Since most of these measurements would not have 
equipment failure deratings in effect, it is possible to determine 
the average deterioration of performance due to long term 
degradation, the rate of deterioration due to fouling, and the 
amount of recovery associated with cleaning. The derating due 
to equipment failure can also be tested, or even measured on 
an hourly basis. Those corrections that had been agreed to be 
included in the EAF measurement would then be integrated to 
equivalent derated hours for use in the EAF equation (23). 

Unfortunately, several known projects have been committed 
to EAF guaranties without preestablishing the measurement 
system, measurement formulas, or rules. When the equip- 
ment finally enters commercial operation, the dilemma of 
the measurement system becomes clear and the warranties 
have defaulted to compromise positions such as negotiated 
seasonal (monthly or quarterly) production quotas with asso- 
ciated bonus/penalty conditions. EAF has become the percent 
achievement of the quota and it has sometimes exceeded 
100% (defying all traditional reliability theory). Even the 
variance of the weather has been passed back to the equipment 
manufacturer! When IEEE and NERC standards invoke the 
“Seasonal Derating” term for gas turbines, it effectively offers 
the same compromise position and the same problems for gas 
turbine power plants. 

Thinking broadly about all equivalent availability guaran- 
tees, they can be applied for simple cycle gas turbines up 
through the most complex combined cycle plants, but the 
measurement system and warranty structure must be very 
carefully thought out and agreed upon between all parties to 
the contract. The simple time-based measures of availability 
and block method EAF are often more appropriate, and more 
easily measured and preferred for their simplicity. And like 


availability, the EAF is a good measure for high usage plants. 


and a poor (undesirable) measure for low usage machines. 

In recognition of the fact that there will be nonchargeable 
outage time, the warranty version of the equivalent availability 
formula is suggested as follows: 


AH — EDH 


EAF Under Warranty = PH AO 


(24) 
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Single Unit, Singie Year Samples 


¢ tC aS SSS SSS SS es) 
80 81 82 83 84 86 86 BT 88 BY 90 91 92 83 94 95 96 97 SB 99100 
Availability (Percent) 


Fig. 3. Typical availability distribution. Percent samples per percent avail- 
ability. 


where Available Hours (AH) = PH - FOH ~ MOH - POH 
— AOH and Equivalent Derated Hours (EDH) = EUDH + 
EPDH + ESEDH and 


PH Period Hours (one year — 8760 h), 

FOH Forced Outage Hours, 

MOH _ unplanned Maintenance Outage Hours, 

POH Planned Outage Hours (scheduled well in ad- 
vance), 

AOH = Administrative Outage Hours, 

EUDH Equivalent Unplanned Derated Hours, 

EPDH Equivalent Planned Derated Hours, and 

ESEDH Equivalent Seasonal Derated Hours. 


IX. MEASUREMENT UNCERTAINTY 


When money or reputation are at stake, it is important that 
the measurement system be both accurate and representative. 
The accuracy of the data is accomplished through a “rigorous 
and explicit” logging system that identifies the nature of each 
operating event (and outage) together with the starting and 
stopping times to the nearest minute or tenth of an hour. 
Representativeness of the data is a little tougher to deal with 
because of the randomness of occurrence of failure events and 
the widely distributed spacing of planned maintenance events. 

The term “representativeness” is used here to relate the ac- 
tual measured value to the inherent long-term operating norm 
of the equipment. This was partially addressed under starting 
reliability with reference to the number of start attempts 
required in the measurement to be statistically representative of 
the real, inherent mean. Table | illustrates the 85% confidence 
band around 95% inherent starting reliability to protect seller 
and buyer. 

A similar situation of randomness exists with Running Reli- 
ability and Availability measurements. The statistician will ad- 
vise that at least 25 to 30 unplanned outage events are needed 
in the measurement set in order for the MTTR and MTBF 
to be considered representative of the inherent performance 
level of the equipment. Once again it is appropriate to average 
multiple units and even multiple years of operating data. 

Fig. 8 shows the smoothed probability distribution function 
of a sample set of availability data for simple cycle gas turbine 
generating sets taken on a single unit, single year basis. It 
nicely shows the “mode” units which the sales personne} love 
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to tout: the fleet “average” (mean) data which is commonly 
shown as the collective performance Statistic, and then a couple 
of distribution statistics. To the author, the “median” machine 
performance is a better indicator of expectations for single 
units than the “average” fleet performance, but the important 
number for warranty situations should be somewhere near the 
85th percentile. At that point there is about 85% probability of 
successful achievement and only 15% probability of failure. 
By averaging multiple units and multiple years of data in the 
measurement, the gap between the 85th percentile and the “av- 
erage” can be significantly closed. Bonus/penalty arrangements 
can also drive the guarantee point closer to the “average.” 

It should therefore be recognized by all parties that guar- 
antee points will normally be more pessimistic than fleet 
average performance, median machine performance or the 
mode example machines. 


X. WARRANTY TERMS 


A contractual warranty requires not only a measurement 
formula, definition of factors, and a guarantee number, but a 
set of terms to qualify the environment. Here is a reasonably 
full house of terms to choose from: 

For all Reliability Warranties: 

1) The reliability warranty is fully separate and independent 
from the equipment warranty. The warranties may have 
separate starting times, ending times, and commercial 
remedies. 

2) A rigorous and explicit operating log shall be maintained 
from which the performance under warranty is to be 
determined. The log shall clearly identify the time, the 
cause, the capacity reduction, the amount of waiting time 
and/or idle maintenance time associated with each and ev- 
ery outage event and be periodically reviewed and jointly 
certified with the warrantor’s technical representative. 

3) With the seller's assistance and concurrence, the equip- 
ment operator shall have a documented maintenance 
program which covers scheduled maintenance plans, a 
work schedule agreement, and well planned replacement 
parts support. 

4) The equipment shall be operated and maintained in accor- 
dance with the suppliers’ recommended procedures with 
particular attention to maintenance inspection intervals 
and preventative maintenance activities. 

5) A two-week (minimum) reliability demonstration period 
including no less than 5 start-stop cycles, 50 fired hours 
and mutually acceptable results shall precede the warranty 
measurement period. 

Outage hours or events not directly chargeable to failure 
of equipment furnished under the contract shall not be 
chargeable to the warranty. 

Additional Clauses for Starting Reliability Warranties: 

7) Test starts and failures to start from equipment not 
furnished by the seller shal] not be counted as start 
attempts, failures, or successes. 

8) As a general assurance of readiness: If a unit has not 
experienced a successful start during the prior thirty 
days, then the start attempt shall be considered as a 


6 


= 
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nonwarranty-qualifying “test start” and shall not be 
counted. 

9) Measurement blocks of at least 500 unit start attempts 
are desired to ensure that the measured SR is statistically 
representative of the inherent (true) SR. Where liqui- 
dated damages without bonus provisions are associated 
with the measurement of SR, and the measurement block 
has less than 500 start attempts, then a measurement 
tolerance band shall be inserted between the guarantee 
point and the point of damages assessment. The mea- 
surement tolerance shail consider the actual number of 
Start attempts and relate the measured SR to guaranteed 
SR with 85% statistical confidence. 

Additional Clauses for Running Reliability, Availability and 
Equivalent Availability Warranties (as Applicable): 

10) For purposes of the warranty measurement: Inspec- 
tions, maintenance, and repair shall be gauged on a high 
priority, high need basis. To achieve this, waiting time 
and jnactive maintenance time in excess of four hours 
per outage event shall be charged to administrative 
outage hours and not charged against the warranty. 
Equipment outages shall be considered on a “block” 
basis. Each individual major piece of equipment (gas 
turbine, generator, HRSG, or steam turbine) shall be 
treated as either available or unavailable at any point 
in time. Equivalent outage hours shall be accumulated 
for “block” outages but not for reductions in capacity 
of the individual major pieces of equipment. 

12) Planned outage inspections shall be performed on a 
“replace then repair” basis with all needed replacement 
parts on hand at the start of the inspection. NDE inspec- 
tions, repairs and cleaning up of removed components 
are to be done separately from the outage/inspection 
activities. 

Planning for outage inspections shall address all ma- 
jor equipment on a concurrent maintenance basis to 
be consistent with the basis of formulation of the 
guarantee level. If concurrent maintenance cannot be 
practiced, then the nonconcurrent planned outage hours 
for nongas turbine equipment shall not be chargeable 
as either outage hours or period hours, but as admin- 
istrative outage hours. 

Whereas seasonal deratings (due to ambient conditions) 
do not constitute any form of equipment failure, the 
Equivalent Seasonal Derated Hours (ESEDH) shall be 
set to zero and not factored into the measurement. 


11) 


13 


~ 


14) 


XI. CONCLUSION 


In the author's experience of writing and negotiating relia- 
bility warranties, there was much new ground to break. There 
are also several major steps in the process of reaching an 
equitable warranty structure: 

Step 1: Recognize the value of reliability to the point that 
it must be insured during the contracting process. 

Step 2: Realize the fact that there are no commonly ac- 
cepted standards and definitions that can be directly and solely 
used to establish the warranty measurement. 
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The current “standards,” including IEEE Std 762, NERC 
GADS, ORAP, and the German VDEW, take a total plant 
operation approach. There are no provisions for dealing with 
nonchargeable outages or for separating nominal equipment 
restoration aspects from service system aspects. 

Different site applications require different treatment. Single 
unit peakers operating 200 fired hours per year should be 
under warranty by different measurements than base-loaded, 
multi-unit, combined cycle plants. 

Step 3: Reconcile the “real-life” warranty consideration 
factors and determination of the appropriate measurement for 
the specific application. . 

Part of this process is to “rough in” the qualifications 
concerning which outage events or hours shall be chargeable to 
the warranty, or fully excluded from the warranty or handled 
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on a “stop-the-clock” basis. To aid this process, Appendix E 
contains a Worksheet for Allocation of Outage Hours. 

Step 4: Capture the ideas of step 3 in suitable contract 
language. 

Step 5: Implement the measuring system with log sheet 
forms (hopefully computerized) to semi-automatically track 
each machine covered by the warranty. The degree of detail 
or categorization afforded by the log shall support multiple 
reporting needs including the qualified warranty performance, 
NERC GADS reporting data, traditional performance measures 
(e.g., ORAP) and engineering-desired events data. 

As reliability gets more widely and properly measured, so 
will its value become more appreciated and sought after on 
a tangible basis. 


APPENDIX A 

Starting Reliability G 
[Project/Contract Title] 

{Date} 


A. Starting Reliability Statement 


The average Starting Reliability of the [Model/Type] gas 
turbine-generator units furnished under this contract is guaran- 
teed to be not less than [96.7%] over the warranty measure- 
ment period as measured in accordance with the definitions 
and concepts of ANSI/IEEE Std.762-1987. The warranty mea- 
surement period for each machine shall commence on the date 
of first commercial operation and expire [three years] from 
that date. 


B. Starting Reliability Warranty Context 


1. The ANSIAEEE Std.762-1987 provides definitions and a 
formula for Starting Reliability that allow for the fact that not 
all failures-to-start or incomplete start attempts are chargeable 
to equipment failure or to the warranty. Starting Reliability is 
to be measured by the IEEE formula as follows: 


ing Reliability = _SS__ 
Starting Reliability 55555 

Where: 

SS = Chargeable Starting Successes 
SF = Chargeable Starting Failures 

And: 

A Qualifying Starting Attempt is the action intended to bring 
a unit from shutdown to the in-service state under conditions 
that qualify for inclusion in the warranty. Repeated initiations 
of the starting sequence within the allowable specified starting 
‘time period or without accomplishing corrective repairs are 
counted as a single attempt. 

A | (SS) is the occurrence of 
bringing a unit through a qualifying starting attempt to the in- 
service state within a specified period, as evidenced by main- 
tained closure of the generator breaker to the system. 

A Chargeable Starting Failure (SF) is the inability to bring 
a unit through a qualifying starting attempt to the in-service 
state within a specified period for failure reasons chargeable 
to the warranty. Repeated failures within the specified starting 
period are to be counted as a single starting failure. 
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2. On an annual basis or at each accumulation of 500 quali- 
fying start attempts (whichever is greater), the Starting 
Reliability shall be calculated collectively as a single average 
measurement of all of the contract units that are within the 
warranty measurement period. If the calculated average 
Starting Reliability falls below the guarantee level, it shall be 
remedied in accordance with the terms set forth [in the 
Commercial section]. 


If the measurement must be made with an accumulation of 
less than 500 start attempts, the statistical measurement uncer- 
tainty shall be recognized by providing an allowance from the 
guarantee level. The Measurement Uncertainty Allowance 
shall adjust the point of damages initiation based on the cumu- 
lative binomial probability function and the actual number of 
start attempts to assure with 75% confidence that the indicated 
(measured) shortfall is due to equipment deficiency rather 
than the random nature of failure occurrences. 


3. A rigorous and explicit operating log shall be maintained 
from which the starting reliability measurement is to be deter- 
mined. The log shall be periodically reviewed and jointly cer- 
tified with a [Supplier] technical representative. 


4, Test Starts and failures to start from equipment not fur- 
nished under this contract by [Supplier] shall not be counted 
as Start attempts, failures or successes. 


5. As a general assurance of readiness; if a unit has not 
experienced a successful start during the prior thirty (30) days, 
then the start attempt shall be considered as a non-warranty 
“test start” and shall not be counted. 


6. Procedural errors that do not constitute equipment failure 
involving repair shall not be counted as failures-to-start. 


7. The units shall be operated within the design conditions 
specified in the contract and maintained in accordance with 
[Supplier] recommended procedures with particular attention 
to maintenance inspection intervals and preventative mainte- 
nance activities. 
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APPENDIX B 
Running Reliability G 
[Project/Contract Title] 


A. Running Reliability Statement 

Running Reliability shall be guaranteed in terms of the 
ratio of actual available hours to planned available hours. The 
Running Reliability for the gas turbine-generator units fur- 
nished under this contract is guaranteed to average not less 
than [97.2%] over the warranty measurement period. The 
measurement period shall commence on successful comple- 
tion of the two-week reliability readiness test. It shall expire 
[two years] after the date of first commercial operation. 


B. Running Reliability Warranty Context 
1. In recognition of the fact that there will be non-charge- 
able outage time, the warranty version of the running reliabili- 
ty formula shall be as follows: 
AH 
"PH - POH - AOH 
where: Available Hours (AH) also equals 
PH-FOH-MOH-POH-AOH 
and: PH = = Period Hours 
(usually one year - 8760 hours) 
FOH = Forced Qutage Hours 
MOH = (unplanned) Maintenance Outage Hours 
POH = Planned Outage Hours 
{scheduled well in advance) 
AOH = Administrative Outage Hours 
(non-chargeable) 
and: The above terms (except AOH) are more fully 
conceptualized and defined by 
ANSI/EEE Std 762-1987 


Running Reliability <= 
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2. A rigorous and explicit operating log shall be maintained 
from which the Running Reliability measurement is to be deter- 
mined. The log shall clearly identify the cause and the amount 
of waiting time and/or idle maintenance time associated with 
each and every outage event and be periodically reviewed and 
jointly certified with a (Supplier) technical representative. 

3. With [Supplier] assistance and concurrence, the equip- 
ment operator shall have a documented maintenance program 
which covers scheduled maintenance plans, a work schedule 
agreement and well-planned replacement parts support. 


4. The unit shall be operated and maintained in accordance 
with [Supplier] recommended procedures with particular 
attention to maintenance inspection intervals and preventative 
maintenance activities. 

5. A two-week (minimum) reliability demonstration period 
including no less than 5 start-stop cycles, 50 fired hours and 
mutually acceptable results shall precede the Running 
Reliability warranty measurement period. 


6. For purposes of the warranty measurement; inspections, 
maintenance and repair shall be gauged on a high priority, 
high need basis. To achieve this, waiting time and inactive 
maintenance time in excess of four hours per outage event 
shall be considered as Administrative Outage Hours (AOH). 
As such, they shall have “stop-the-clock” treatment and effec- 
tively not be counted as outage hours, derated hours or includ- 
ed in the period hours base. 


7. Outage hours associated with the [Supplier] furnished 
equipment but not directly chargeable to equipment failure 
shall be considered as Administrative Outage Hours (AOH). 


8. Operator shalt operate the gas turbine unit within the 
design conditions specified in the contract. 
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APPENDIX C 
Availability Guarantee 
{Project/Contract Title] 


A. Availability Statement 

Availability shall be guaranteed in terms of the Availability 
Factor as described in the definitions and concepts of 
ANSIAEEE Std 762-1987. The average Availability Factor 
for the [#/modei] gas turbines generator sets furnished under 
this contract is guaranteed to average not less than [95]% over 
the warranty measurement period. The measurement period 
shall commence on successful completion of the two-week 
teliability readiness test. It shall expire [three] years after the 
date of first commercial operation. 


B. Availability Warranty Context 

1. In recognition of the fact that there will be non-chargeable 
outage time, the warranty version of the availability formula shall 
be as follows: 

Warranted Availablity Factor = AH __ 

PH - AOH 
where: Available Hours (AH) also equals 
PH-FOH-MOH-POH-AOH 
and: PH = Period Hours 
(usually one year - 8760 hours) 
FOH = Forced Outage Hours 
MOH = (unplanned) Maintenance Outage Hours 
POH = Planned Outage Hours 
(scheduled well in advance) 
AOH = Administrative Qutage Hours 
(non-chargeable) 

2, A rigorous and explicit operating log shall be maintained 
from which the Availability measurement is to be determined. 
The log shall clearly identify the cause and the amount of 
waiting time and/or idle maintenance time associated with 
each and every outage event and be periodically reviewed and 
jointly certified with a [Supplier] technical representative. 

3. On an annual basis the Availability Factor shall be calcu- 
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lated collectively as a single average measurement of all the 
contract units that are within the availability warranty mea- 
surement period. If the calculated average Availability Factor 
falls below the guarantee level, it shall be remedied in accor- 
dance with the terms set forth in the [Commercial] agree- 
ments. 


4, With [Supplier] assistance and concurrence, the equip- 
ment operator shall have a documented maintenance program 
which covers scheduled maintenance plans, a work schedule 
agreement and well-planned replacement parts support. 


5. The unit shall be operated and maintained in accordance 
with [Supplier] recommended procedures with particular atten- 
tion to maintenance inspection intervals and preventative main- 
tenance activities. 


6. A two-week (minimum) reliability. demonstration period 
including no less than $ start-stop cycles, 50 fired hours and 
mutually acceptable results shall precede the availability war- 
ranty measurement period. 

7. For purposes of the warranty measurement; inspections, 
maintenance and repair shall be gauged on a high priority, 
high need basis. To achieve this, waiting time and inactive 
maintenance time in excess of four hours per outage event 
shall be considered as Administrative Outage Hours (AOH). 
As such, they shall have “stop-the-clock” treatment and effec- 
tively not be counted as outage hours, derated hours or includ- 
ed in the period hours base. 


8. Outage hours associated with the [Supplier] furnished 
equipment but not directly chargeable to equipment failure 
shall be considered as Administrative Outage Hours (AOH). 


9. Planned outage inspections shall be performed on a 
“replace then repair" basis with all needed replacement parts 
on hand at the start of the inspection. NDE inspections, repairs 
and cleaning up of removed components is to be done sepa- 
rately from the outage/ inspection activities. 


10, Operator shall operate the gas turbine unit within the 
design conditions specified in the contract. 
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APPENDIX D 
Equivalent Availability Guarantee 
(Proportional Block Derating Method) 
[Project/Contract Title] 


A. Availability Statement 

Availability shal! be guaranteed in terms of the Equivalent 
Availability Factor as generally described in the definitions 
and concepts for the ANSVIEEE Std 762-1987. The average 
Equivalent Availability Factor for the contract-furnished gas 
turbines, generators and supporting controls and accessories is 
guaranteed to average not less than [90%] over the warranty 
measurement period. The measurement period for each gen- 
erating set shal! commence on successful completion of the 
two-week reliability readiness test. It shall expire two years 
after the date of first commercial operation. 


B. Availability Warranty Context 


1. In order to reflect capacity reductions due to equipment 
failures and deal with non-chargeable outage time, the warranty 
version of the equivalent availability formula shall be as follows: 

Warranted Equivalent Availability Factor = AH oH 

where: Available Hours (AH) also equals 

PH - FOH - MOH - POH - AOH by the 
conventional, time-based, IEEE 762 definition 

Equivalent Derated Hours (EDH) equals EUDH + EPDH 
calculated for periods of derating due to specific equipment 
failure and excluding seasonal derating and nominal degrada- 
tion of performance 


and: PH = Period Hours (usually one year-8760 hours) 
FOH = Forced Qutage Hours 
MOH = (unplanned) Maintenance Outage Hours 
POH = Planned Outage Hours 
(scheduled well in advance) 
AOH = Administrative Outage Hours 


(non-chargeable) 
EUDH = Equivalent Unplanned Derated Hours 
EPDH = Equivalent Planned Derated Hours 

2. A rigorous and explicit operating !og shall be maintained 
from which the Equivalent Availability measurement is to be 
determined. The log shall clearly identify the cause and the 
amount of waiting time and/or idle maintenance time associated 
with each and every outage event plus all data required to cal- 
culate EDH including minimum and maximum ambient tem- 
peratures and the effective reduction in dispatchable depend- 
able capacity. The log will be periodically reviewed and joint- 
ly certified with a (supplier) technical representative 

3. The Equivalent Derated Hours (EDH) shall be calculated 
on a daily basis as follows: 

a. For days wherein generating capacity is not limited by spe- 
cific failure of contract-furnished equipment, the EDH shall be 
taken as zero (0). 

b. For days that generating capacity is partially derated due 
to specific failure of the contract-furnished equipment, the 
EDH shall be calculated as the ratio of the capacity shortfall to 
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the daily dependable capacity multiplied by the number of 
hours the derating was in effect. General degradation shall not 
be considered as specific failure. 

For example; for each day with some capacity derating, the 
minimum and maximum ambient temperatures for the operating 
period are noted, recorded and averaged to determine the medi- 
an daily operating temperature. Utilizing performance curves 
from the manufacturer, a “new and clean” plant capacity level is 
determined for that median temperature. Then that capacity is 
reduced by a nominal predicted degradation amount to arrive at 
the median daily dependable capacity. Now, because of the 
impact of the specific component failure, a maximum dispatch- 
able capacity level will exist which must be rationally deter- 
mined. (If the plant is fully dispatched for the full day, then the 
full day's generation in kWh divided by 24 hours is the maxi- 
mum dispatchable capacity.) The difference between the medi- 
an daily dependable capacity and the maximum dispatchable 
capacity is the shortfall. 


The ratio of the shortfall to the median daily dependable 
capacity is the degree of derating. Then multiplying the degree 
of derating by the number of hours that the derating was in 
effect that day, yields the Equivalent Derated Hours. 


4. With [Supplier's] assistance and concurrence, the equip- 
ment operator shall have a documented maintenance program 
which covers scheduled maintenance plans, a work schedule 
agreement and well-planned replacement parts support. 


5. The unit shall be operated and maintained in accordance 
with [Supplier] recommended procedures with particular atter- 
tion to maintenance inspection intervals and preventative main- 
tenance activities. 


6. A two-week (minimum) reliability demonstration period 
including no less than 5 start-stop cycles, 50 fired hours and 
mutually acceptable results shall precede the Equivalent 
Availability warranty measurement period. 


7. For purposes of the warranty measurement; inspections, 
maintenance and repair shall be gauged on a high priority, high 
need basis. To achieve this, waiting time and inactive mainte- 
nance time in excess of four hours per outage event shali be 
considered as Administrative Outage Hours (AOH). As such, 
they shall have “stop-the-clock” treatment and effectively not 
be counted as outage hours, derated hours or included in the 
period hours base. 


8. Outage hours associated with the [Supplier] - furnished 
equipment but not directly chargeable to equipment failure 
shall be considered as Administrative Outage Hours (AOH). 

9. Planned outage inspections shali be performed on a 
“replace then repair” basis with all needed replacement parts 
on hand at the start of the inspection. NDE inspections, repairs 
and cleaning up of removed components is to be done sepa- 
rately from the outage/ inspection activities. 

10. Operator shall operate the gas turbine unit within the 
design conditions specified in the contract. 
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APPENDIX E 
Worksheet for Allocation of Outage Hours 


A = warranty chargeable hours 
B = non-chargeable “stop-the-clock” hours 
C =non-chargeable fully-excluded hours 


Classifications by Event Cause 


vi 
Forced outage 
Maintenance (delayed) outage 
Planned Outage 
Unplanned Extension of planned outage 


Non-covered equipment outages 


Equipment modifications 
Special tests or inspections 


Flood - hurricane 
Extemally caused fire 
Labor problems, strike 


System problems 


Excessive frequency swings 
Lack of proper (in spec.) fuel 
Inadequate cooling water supply 
j vi 
Cement dust fouling of inlet 
Planned outages for residual fuel 


Service Interruption Outage Hours 


Waiting time or idle maintenance time in excess 
of (4) hours per outage event considering: 


Buyer stocking responsibility 
Supplier stocking responsibility 
Carrier (transportation) mishap 
Delayed in Customs 


Notification delay 
Delayed arrival 


2nd shift not working 

3rd shift not working 

Weekend day or holiday 

Higher priority elsewhere 

Work stretch-out labor problem 
Vv 

Traveling cranes or lifting gear 

Special welding equipment 

Oil conditioning equipment 


Other Considerations 
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Transmission Line and Equipment Outage Data 
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Part 2 
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By 
D.O. Koval 


Conference Record of the 1994 Industry Application’s Conference, 
Twenty Ninth Annual Meeting, Oct. 2-3, 1994, Denver, Colorado, 
Volume lil, pp. 2201-2208. 

Part 3 


Transmission Equipment Reliability Data from 
Canadian Electrical Association 


By 
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VOL. 32, NO. 6, November/December, 1996, pp. 1-9. 
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AN IEEE SURVEY OF U.S. AND CANADIAN OVERHEAD TRANSMISSION OUTAGES AT 230 KV AND ABOVE 


Data Analyeie Task Force, Working Group On Statistice of Line Outages, 
General Systems Subcommittea, Transmission & Distribution Committee 


R. B. Adler (Chairman), 
M. G. Lauby, 


Abstsact - The Working Group on Statistice of Line 
Outages was formed in 1981 to develop, implement and 
summarize the results of a survey of design Character- 
ietica of and outage experience with overhead tranemis~ 
sion at voltages 230kV and above. The survey, distrib— 
uted in July, 1985, requeated the voluntary submission 
ef specific data on overhead linea in service within 
the periad, 1965-1985. The purpoges of the effart were 
twofold: to update earlier surveys (1949 and 1965), 
and ¢o address a growing need for line outage data to 
support evolving probabilistic eystem models for 
planning and operation. Data were submitted by utili- 
tiea from all nine NERC/USA reliability regione and by 
the Canadian Electric Association representing all of 
Canada. The outage data were pooled and analyzed to 
produce average statistiCce which are summarized in this 


paper. 


Keywords - Overhead Tranaémisaion, Outage Statistics, 
Performance Data, Reliability Analysis. 


INTRODUCTION 


Since the early 1970's, there has been a growing 
need for transmission line outage ratea and restoration 
times to support probabilistic modele for aystem 
planning and operation. Prompted by an EPRI Study of 
tranamission outage data requirementa [1], the Working 
Group on Statistica of Line Outages was created in 1981 
to develop and implement a survey to update two earlier 
surveys of overhead transmission in which the IEEE took 
a leading role [2,3]. Reference [4] provides a descrip— 
tion of the background and development of the new 
@urvey and of the method for its distribution to 
potential respondents. Work on a Transmission Outage 
Data Submiasion Guide to support the survey progressed 
in parallel with work on atandard definitions for 
reporting outages of tranamiasion facilitie# [5]. Te 
the degree possibile, the atandard definitions were 
employed in the quide. 


Similar to ite precedents, the new survey, 
dietributed in 1985, was intended to serve two broad 
objectives: to provide a snapshot of the design 
characteristics of overhead tranamission facilities 
operating at 230kV and higher, and to quantify the 
performance of the various classes of lines on which 
data were submitted. The background and results in 
meeting the first objective are reported in [6]. The 
present paper reports on the second objective. 


93 wM 054-7 PWRD A paper recommended and approved 
by the [EEE Transmission and Distribution Committee 
of the IEEE Power Engineering Sociery for presenta- 
tion at the IEEE/PES 1993 Winter Meeting, Columbus, 
OK, January 31 - February 5, 1993. Manuscript sub- 
mitted September 16, 1992; made available for printing 
November 3, 1992. 
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Specific goals adopted for the 1985 survey of 
overhead tranamiasion outage eventa were: 


1. To develop generic estimates of failure rates and 
restoration times for overhead lines, as functions 
of operating voltage, circuit length, and number 
of terminals; and to gain a better grasp of the 
nature and diatribution of autage caugea aa a 
function of voltage. 


2. To develop statistics on rare events such as 
three-phase faults at 500kv and 765kvV. 


3. To gevelop a better understanding of the nature 
and cause of related multiple outage events. 


4. To correlate Circuit availability with circuit 
design characteristics. 


5. To determine how, in general, performance may have 
changed since the laat survey in 1965. 


6. To encourage and foster the uniform and consistent 
collection of tranamission line outage data. 


The 1985 survey differed from the 1949 and 1965 
surveys in that it requested data on {a) related 
multiple outage events, (b) Outage event start and end 
times, (c) 500kV and 765kV overhead Linea, and (a) 
plannea outage events. Outage rates are given on three 
bases: per 100-miles of circuit, per terminal, ana per 
circuit. 


Since the information summarized in this paper 
represents a second set of 1985 survey results, the 
numbering of tables and figures continues where [6] 
left off. That is, the firat table of this paper is 
designated Table 18 and the first figure is Figure 2. 


DATA _REQUESTED 


To use outage experience to estimate outage rates 
and repair times, two types of information are re~- 
quired: circuit exposure (population) data, and out-— 
age-event data. The desired exposure data (summarized 
in [6]} included bagic data on each transmission 
circuit which could have contributed to the history of 
outage events. Required data on each circuit consisted 
of: circuit name (to which was appended the hoet 
utility identification number), operating voltage, 
length, number of terminals, and the epecific time 
period over which the circuit, of a fixed design and 
configuration, wae in service and subject to outage, 


The requeat for outage data presumed that the 
responding utilities would translate data already 
collected into the format specified in the Transmission 
Outage Data Submission Guide (distributed with the 
request for data}. In some cases this translation was 
performed on data that had already been assembled and 
pooled on a regional basis. In other cases, the data 
were assembled and submitted by individual utilities on 
coding forma. 
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Figure 2 illustrates the coding form used for the 
submission of outage event data. (An outage event may 
have involved a aingle circuit outage, or two or more 
related circuit outagea.) This form provided a means 
for identifying the circuit(s) associated with the 
initiating cause (primary/independent or common-mode 
outage(s) ), and for identifying any other circuit 
outage(s) required to isolate or remedy the problem 
(secondary/dependent outage(s) ). Secondary outages 
were of two kinda: direct and indirect. If a secondary 
outage was a natural consequence of isolating the 
problem, it was considered a "diract” aecondary. If 
the secondary outage wae a result of a second failure, 
much ap a stuck breaker or faulty protective relay, it 
was considered an "indirect" secondary. 


Figure 3 shows the codes available to classify 
each circuit outage in an event according to: (a) the 
type of outage, (b) the relation of the particular 
circuit outage to the initiating cauee, {c) wheather 
the circuit was completely or only partially removed 
from service, (d) whether the initiating problem 
involved line equipment or terminal equipment, (@) the 
means by which the circuit was restored to service, 
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(f) the type of fault, (g) the suspected cause of the 
outage, and (h) the effect of the outage event on the 
System or ita components. 

When the outage event involved more than one 
circuit in a common-mode fashion (because of common 
tower, common right-of-way, or common terminal), then a 
"common mode" designation was appropriate. If the 
initiating cause of an event had directly reaulted in 
the common-mode outage of two or more circuits, then 
all of these circuits were considered primary outages. 
For example, if the fault had occurred on a bus, it may 
have been necessary to remove all circuite connected ta 
that bus to isolate the fault. Each circuit would have 
been considered part of the same common-terminal, 
common-mode primary outage. Depending on network 
configuration, one or more secondary outages may also 
have been required to isolate the fault. 


SURVEY RESPONSE 


Seventy-eight utilities volunteered data, repre- 
genting all nine USA regions of the North American 
Reliability Council (NERC). The Canadian utilities 


X-273 REV. 6-85 


TRANSMISSION CIRCUIT OUTAGE REPORTING FORM 


PREPAREA 


TRANSMISSION CIRCUIT OUTAGE DATA 


T ? 
bu ine 


Figure 2. 


Outage Classification (OUTAGE CLASS) 
See een ed 


OUTAGE TYPE [Col $4} 
A - AUTOMATIC 

f - FORCED MANUAL 

S + PLANNED 


MULTIPLE OUTAGES [Col Bs-56) 


fy + PRIMARY 

DQ - DIRECT SECONDARY 
OI - INDIRECT SECONDARY 
CB - COMMMON TERMINAL 
CR- COMMON ROW 

CT - COMMON TOWER 


DEGAEE OF OUTAGE [Col 57) 


© - COMPLETE 
P - PARTIAL 


PROBLEM TYPE [Cot 38) 
Lo -RINERELATEO 

TY + TERMINAL RELATED 
Uo - UNKNOWN 


Nature ot Restoration (agst) [Col 6c) 
LN A arene ee eae a TT 


A - AUTOMATIC 

M - MANUAL/SUPERVISOAY 
Ro - REPAIB/REPLACE 

U + UNKNOWN 


Fault Type icoi a2-¢3) 


———————— 


Wy -NO FAULT OR NO OPEN PHASE 
1G - SINGLE PHASE TO GAO 

2P - PHASE TO PHASE 

2 - DOUBLE PHASE TO GAD. 


Transmission Circuit Outage Reporting Form. 


Suspected Cause of Outage (OUTAGE CAUSE} [Col 85-88} 


DEFECTIVE POWER 
EQUIPMENT 


LMF - TRANSMISSION CIRCUIT 
EQuie 

ILCB - CONDUCTOR 

JLT - TOWERVSTRUGTURE 

ILS} - SHIELO WIRE 


TLIP - INSULATOR: 
INSULATION SYS 


LX CABLE 


iss + TERMINAL/STATION EQUIP. 
ISA - SURGE ARAESTOR 

1S6¥ - CIRCUIT BREAKER 

SCM - SHUNT CAPACITOR G@ANK 
SP - PROTECTIVE SYSTEM 
1ST - BUS 

1SSp - DISCONNECT SWITCH 
1TB¥ - TRANSFORMER 

iTR¥ - SHUNT REACTOR BANK 


AU)Of - UNKNOWN 


HUMAN ELEMENT 


20 + HUMAN ELEMENT RELATED. 
2AM - IMPROPER RELAY SETTING 
28 - INCOMRECT INSTALLATION 


20) - IMPROPER DEGIGN/ 
APPLICATION 


ZOMY - MAINTENANCE ACTIVITY 
2EMW - CONSTRUCTION ACTIVITY 
2FM - VANDALISM OR SABOTAGE 
2GMy- IMPROPER OPERATION 


FOREIGN INTERFERENCE 


ENVIRONMENTAL 


Effects of Outage (€FF) (Co: 70) 
—$—— 


A. CASCADING 
ONY - FOREIGN INTERFERENCE ‘ 
Sif - ENVIRONMENT asedteuns 
SAMY - ANIMAL C LOSS OF TERM BANK 
SAS - LIGHTNING 
3ByY - BIRO. D -LOSS OFLOAD 
SOY - WEATHER 
3C Hp - CRANE SERN - AAIN E -«NSTAGILITY 
SH - HUMAN SBSN - SNOW F - LOSS OF INTERCONNECTION 
‘SKB - KITE OR OTHER OBJECT G - OVERLOAD 
SSL - SLEET 
3P yy - AIRCRAFT H - LINE DAMAGE 
SBI - ICE 
‘aT py . TREE SOHL - HAIL ( - EQUIPMENT OAMAGE 
OVMY - VEHICLE J + CONTROLLED LOAD SHED. 
32¥W - ANOTHER LINE SP Orn 4 - BLACKOUT 
SBHC - HURRICANE 
SBTH - THUNDERSTORM nT Seacline ewes) 
SOTN - TORNADO M. - NO ADVERSE EFFECT 


POWER GYSTEM CONDITION; 
CONFIGURATION 
48 - POWER 8¥8. COND /GONF 


4A) - STABLE OVERLOAD 
OPERATION 


ABM © STABLE OSCILLATION 
ACW - OUT OF ATEP 

ADP - OVERVOLTAGE 

AEBS - LOSS OF GENERATOR 


dF RY - RELAY INCOARECT 
OPERATION 


4GMY - OVERLOAD TRIP 
4H - UNDEAVOLTAGE 
4\t - UNDEAFREQUENCY 


AJ) - SWITCHING SURGE 
(VOLTAGE) 


4K yf - DYHAMIC OVERVOLTAGE 
AL gy - INSTABILITY 


OTHEA 


THY MISCELLANECUS OR OTHER 
Uys - UNKNOWN 


SC’ - CONTAMINATION 
SCSM - SMOG 

SCS¥ - SALT 

SCBD - BIRD DROPPINGS 
SCI - (NDUSTRIAL 


SCAG - AGRICULTURE 


SEMY - EAATH MOVEMENT 
SFA - FIRE 
BFLY - FLOOD. 


SGPWf - GALLOPING CONDUCTORS: 
SHY - AEOLIAN VIBRATION 


OCHEDULED OUTAGE 


O08" - UNSPECIFIED PLANNED 


OUTAGE 


GA - CONSTR. INSTALL, 


MODIFICATION 


GB - TRANSMISSION CinCUIT 
MAINT, 


SC ey - TERMINAL EQUIP. MAINT. 
SO¥y - TEST OF INSPECTION 


3P - THREE PHASE 

3G - THREE PHASE YO GRO 
OP - OPEN PHASE 

UF - UNKNOWN 


Rote: 


Figure 3. Transmigsion Circuit Outage Reporting Codes. 
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OEY - FOREIGN UTILITY AEQUEST 
OF - SYSTEM CONDITION 
QGP - ROUTINE OPERATION 


Under "Suspected Cause of Outage," the symbol "6" represents a blank space. 
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were represented in an additional single submission by 
the Canadian Electrical Association. A total of 38 489 
outage records were judged valid and accepted. These 
conaisted of outage types: automatic, forced-manual, 
and planned, and included primary, secondary, and 
common-mode outage Classes. These outages were derived 
from 14 120 circuit~-years or 583 712 mile~years of 
circuit exposure. The data submitted were derived from 
circuite of voltage 230kV and higher in service during 
varioua periods within the 1965-1985 time frame. 

Table 1 (repeated from [{6]) provides a snapshot on 
July 1 of each year of the circuit population cantrib- 
uting to the database. In those NERC regions where the 
submission was based on regionally pooled data, the 
number of circuite shown in Table 1 remains roughiy 
constant from year to year over thea period that data 
were submitted. In those regions where submissions 
were by individual utilities, the number of participat~ 
ing circuita displays a wider year-to-year variation. 


Circuit outage event data were submitted with 
varying levele of care and detail. Some utilities 
reported single and multiple-line outages as well as 
forced and echeduled outages, providing start and end 
times to the minute, carefully conforming to the 
recommended format, and using the codes defined in the 
Transmission Outage Data Submission Manual. Other 
utilities were leas careful, and perhape reported ali 
circuit outages aa independent events without identify- 
ing related outages. Some gave outage start and end 
dates, but omitted the time of day (hour and minute). 
In some cases, important data fielde were left blank. 
The instructions for coding outages were at timea 
misinterpreted. 


Some utilities simply submitted their data in 
their own specific format, leaving the Working Group 
with the option to convert the data to the desired 
format. In the latter case, difficulties were often 
encountered due to a lack of information to guide the 
xvequired conversion. 


Only those outages recorda which satisfied the 
minimum data requirements were included in the data- 
base. An acceptable outage record was one that provid- 
ed the minimum required data on an outage event, and 
documented an event which occurred within the in-ser- 
vice period established by a correaponding valid 
circuit exposure record. 


Table 1. 


By REGION 


SPP SERC 


acoococooaoocsd 
NMYRPRPrPOCOOaAOSo 
egoevrccoececscoocooeo 
oocooccoocooseocoe 


0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 


* As of July 1] for the years shown. 
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RESULTS 


In the letter requesting circuit outage event 
data, utilities were assured that all data that were 
submitted would be pooled and the results presented in 
summary form only. In an effort to publish survey 
results without further delay, only basic data analysis 
has been performed. More detailed analysis, such aa 
the correlation of circuit design characteristics and 
circuit availability, may yet be performed, depending 
on the level of interest revealed in the discussion of 
thie paper. 


Data Summaries 


Table 18 summarizes the nature of the primary 
forced outages. A primary outage is the circuit that 
experiences the initiating event. Although two or more 
circuits involved in a common-mode outage event may 
also experience an initiating event, the decision waa 
made to exclude these multiple related outage eventa in 
Table 16. As thea title of Table 16 implies, secondary 
circuit outages are aleo not included. Table 18 
classifies 15 525 primary forced outages by cause, 
voltage, problem type (line-related, terminal-related 
or unknown), and general duration ("“momentary” for 
restoration times leas than or equal to one minute, and 
“austaineda" for restoration timea equal to or greater 
than two minutes). The causea of the primary outages 
are classified into the same categories used in the 
Outage Reporting Form (see Figure 3). If the problem 
type was not specified, and it could not be deduced 
from information on the outage cause (refer to section 
entitled Data Enhancement), it was claseified as 
*Unknown,." 


Outage rates are expressed per 100-mile-year for 
line-related outages, per terminal-year for terminal- 
related outages, and per circuit-year for all outages 
combined (terminal-related, line-related, and unknown}. 
In calculating terminal-years exposure, if the number 
of terminale of any circuit was not specified, it was 
assumed to have two. 


The exposure to outage is eunmarized at the bottom 
of Table 18. This represents the mile-years (in 
hundreds), terminal-years, or circuit~yeare that were 
exposed to failure. The total number of line~related 
primary outages for each voltage ia normalized by line 


Reported Line Population ( Number of Circuits) *. 


BY VOLTAGE LEVEL 


ECAR ERCOT WSCC 345 765 


eooocecooeo 
WwrRoeoQooooodoeeo 
rPoooococooco°oo 


{Tabie 1 is repeated from [6].} 
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exposure (in 100-mile-years) to obtain a line outage 
rate per 100-miles per year. Ina similar fashion, the 
total number of terminal-related primary outages is 
normalized by the terminal expoaure (in terminal~-years) 
to estimate a line outage rate per terminal per year. 
The total number of outages for each voltage level 
(line-related, terminal-related, and unknown) ie 
normalized by the number of Circuit-yeare to develop a 
general outage rate per circuit per year. 


As an example of the use of the outage rates given 
at the bottom of Table 18, consider the calculation of 
the rate of occurrence of sustained outages on a 
particular 230kV circuit, ORS(230), as a function of 
circuit length and number of circuit terminals. The 
following equation would be used. 


ORS(230) = ORSL(230) * Circuit Length in Miles 
10c 


+ ORST(230) * (No. of Circuit Terminala) 


+ ORSU(230) 


where ORS(230) is the rate of occurrence {per year} of 

sustained outages for a particular 230kV 
circuit, 

ORSL(230) is the sustained outage rate per 
100 miles for 230kv circuits, 

ORST(230) is the sustained outage rate per 
terminal for 230kV circuits, and 

ORSU(230) is the sustained outage rate for the 
average 230kV circuit reflecting those 
cases where the origin of the problem ig 
either unknown or not specified. 


Thus, for a three-terminal, 50-mile, 230kV circuit, 
ORS = 1.287 * 50 + 


100 
= 0.8625 sustained forced outages per year. 


0.062 * 3 + 0.033 


To calculate the rate of occurrence of susttainad 
outages of the average 230kV circuit, ORSA(230), the 
following equation would be used. 

ORSA(230) = ORSLA(230}) + ORSTA(230) + ORSU(230) 
where ORSA(230) ig the sustained outage rate {per year) 
for the average 230kV circuit, 

ORSLA(230) ia the sustained outage rate for the 
average 230kv circuit due specifically 
to line-related outages, 

ORSTA{230) is the sustained outage rate for the 
average 230kV circuit due specifically 
to terminal-related cutages, 

ORSU(230) is defined above. 


Thus, for the average 230kV line, 


ORSA(230) = 0.412 + 0.131 + 0.033 


= 0.576 sustained forced outages per year. 


The reader ig cautioned not to draw conclusions 
about the ratio of line-related to terminal-related 
outages reported in Table 18, since a significant 
number of terminal-related outage recorda were removed 
from the database due to an irreconcliable data defi- 
ciency, 


Table 19 summarizes the distribution of causes, by 
voltage, of the circuit outages designated aa 
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"Planned." Of the 78 responding utilities, 63 reported 
Planned outages. After reviewing the ratio of reported 
Planned outages to the total number of reported ocutayes 
for each utility, it was observed that some utilities 
Beemed to report planned outages only on an occapional 
basis. To adjust for this inconsistency in the calcu- 
lation of planned outage rates, only the planned 
Outages and circuit exposures of those utilities whose 
ratio of reported planned outages to total reported 
Outages exceeded 15% were used. Aa a result, Table 19 
represents the planned cutages and circuit-years 
exposure of 58 utilities. The number of planned outage 
Tecords used drops by a mere 0.03% {from 21,321 to 
21,259). The ratios for the remaining 58 utilities 
ranged from 25% to 98% (with an average of 65%}. 


Table 19 includes 129 of the 181 "Automatic” or 


“Porced Manual" outages with “Scheduled@" outage cause, 
listed in Table 18. These belong to the 58 utilities 


assumed to have reported all planned outages. 


Table 20 classifies the various combinations of 
one or more circuit outages that comprise the database 
of outage events. Since the data from several NERC 
regions congiated only of singla-circuit outage events, 
circuit outages with identical initiation times (to the 
Minute} within the aame utility were identified. 

There is a high probability that these simultaneoua 
circuit outages were, indeed, related events. These are 
gummarized in Table 20 as "Independent Simultaneous" 
outages. (Note that the independent simultaneous 
multiple-outage eventa may easily be recast as indepen- 
dent events. For example, an independent simultaneous 
event involving three circuit outages in Table 20 may 
alternatively be considered as three independent 
events, each involving one circuit.) 


Excluded from Table 20 are the data from those 
submineione consisting entirely of independent primary 
outages where the duration of the outage was given, 
rather than the specific outage atart and end times (a 
reeult of a required data conversion). In this case, 
i: was impossible to identify simultaneous start times. 


When an outage event involved a number of cir- 
calts, each with a different "Multiple Outage" code, 
the question arises: What multiple-outage classifica- 
tion should be assigned to this outage? The Working 
Group's response was arbitrary, but rational. The 
seven different multiple-outage types were subjectively 
ranked in order of decreasing probability of occur- 
rence: 


~ Independent 

~ Independent Simultaneous 

- Direct Secondary 

— Common-Terminal Consnon Mode 

~ Indirect Secondary 

- Common-Tower Common Mode 

- Common-Right-of-Way Common Mode 


In Table 20, an event ia classified according to the 
least probable multiple-outage type recorded for one or 
more circuits within the event, and by the voltage of 
the circuit(#) on which thigs least probable outage type 
occurred. For example, using the above ordering for 
decreasing propability, if an event had involved three 
circuit outages of types: primary, direct secondary, 
and indirect secondary, the three-circuit event would 
have been classified "indirect secondary"--the least 
probable outage type in the event. The evant would have 
been classified under the voltage level of the circuit 
whose outage was a specific consequence of the indirect 
secondary occurrence, Ag another example, consider an 
event that had included a common-tower common-mode 
outage of two lines and, because of a @#tuck breaker, 
also had included an indirect secondary outage. This 
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UNSPECIFIED PLANNED 
CONSTRUCTION, INSTALLATION, MODIFICATION 
TRANSMISSION CIRCUIT MAINTENANCE 
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OTHER THAN SCHEDULED (2 
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TOTAL NUMBER OF OUTAGES (3) (4 
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Notes: (1) Excludes outages classified as secondary or common mode. 
(2) Outage Type listed ae "Planned" put Outage Cause was other than “Scheduled.” 
{3) Includes circuits from only those utilities whose reported "Planned" outages 
comprise at least 15% of their total reported outages. 
(4) Total excludes the 181 outages in Table 18 with "Scheduled" Outage Cause. 
(5) 129 “Scheduled" outages from Table 18 from those utilities whose reported 
"Planned" outages comprise at least 15% of their total reported outages. 


Table 20. Classification of danish’ Cutage Events by Outage Type and Voltage. 
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event would have been classified "common-tower common 
mode." The voltage level under which the event would 
have been classified was that of the common tower line. 
The above ordering of multiple outage types is somewhat 
validated by the decreasing magnitude of the Grand 
Totals in Table 20, as one moves from left to right, 
corresponding to moving from top to bottom of the above 
list of multiple outage types. 


The first row of entries in Table 20 lists multi- 
ple-line cutages that appear to involve only a single 
circuit. These entries arise where the multiple outage 
involved one or more circuits operating at a voltage 
lower than 230kV or when the initiating event waa a 
planned outage. Neither lower voltage nor planned 
circuit outages would appear in the forced outage 
database on which Table 20 ie based. 


Table 21 summarizes the incidence of each of the 
various types of fault that initiated primary outages. 
These are clapaified by voltage, by problem type 
(line-related, terminal-related, or unknown}, and 
whether the resulting outage wae momentary or sua~- 
tained. A high percentage of the fault types were 
designated as "Unknown" or were not clasaified at all. 
Table 21 includea the 181 automatic and forced-manual 
outage events with "Scheduled" outage causes presented 
in Table 18, 


Table 22 summarizes the distribution of the 
restoration times of automatic and forced-manual outage 
eventa. The first portion of the table reports an 
analysis of the outage durations that excludes all 
forced outages of unusually long duration (arbitrarily 
defined here as outagea lasting more than 1000 houra). 
Inclusion of even one such outage event would signifi- 
cantly increase average duration. The rationale for 
this action was that, even though such an outage may 
have, in fact, begun as a forced outage, it was eventu- 
ally transformed to "scheduled" outage ap the power 
system was adjusted to reestablish a secure and econom- 
ic operating state. The extracted outages are summa- 
rized in the second portion of Table 22. 


If the outage duration were exponentially distrib— 
uted, the ratio of the average to the median would be 
-§32/.500 or 1.264. In Table 22 the ratio ranges 
between 9.1 and 64.1. It is reasonable to conclude 
that the urgency of repair (e.g., working overtime, not 
working overtime, etc.} varies from outage to outage ae 
do the requirements for restoration (switching, repair, 
replacement, etc.). 


Table 23 summarizes by voltage level, first, the 
incidence of the different outage types. Of a total of 
36 646 primary outage records, 15 525 were “Automatic” 
or "Forced-Manual"” outages, the remaining 21 321 were 
"Planned." At 345kV and above, there ia a high ratio 
of "Porced-Manual, Sustained" outages to "Automatic, 
Sustaine@" outages relative to the same ratio at 230kvV. 
This raises a question about postponable outages and 
the variations among utilities in the distinction 
between a deferred forced-manual outage and a scheduled 
outage. {Reference [5] provides a definition for 
Scheduled Outage: "An intentional manual outage that 
could have been deferred without increasing risk to 
human life, risk to property, or damage to equipment.") 
Unfortunately, information on this arbitrary distinc- 
tion was not requested in the survey. 


The second portion of Table 23 summarizes the 
Gegrees of sustained primary forced outage. Since most 
circuits have only two terminals and no sectionalizing 
breakers, a fault on the circuit usually resulted in 
completely de~-energizing the circuit. A terminal fault 
may or may not have de-energized the circuit. 
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The third portion of Table 23 shows the variation 
in the effect of sustained primary forced outages. 
Nearly 30% of all sustained outages had no adverse 
effect; the effect of 624% were not classified. 


Table 24 summarizes the data reported on the 
qature of restoration following forced (automatic, 
forced-manual, and not-specified) and planned primary 
outages. As expected, most planned outages are sua- 
tained in nature and are returned to service through 
manual or supervisory-controlled switching. Most 
sustained forced outages are similarly restored. Moat 
momentary forced outages are returned through automatic 
switching. In this table, planned outage events with 
missing end times were assumed to be momentary. 


DATA ENHANCEMENT 


Often outage records were found to be incomplete. 
Depending on which fields happened to have been left 
blank, the use of an outage record may range from 
limited application to none at all. Certain inferences, 
however, were made based on information provided 
elsewhere in the same outage record (that is, the start 
and end times of the outage, and outage cause). This 
information provided a basia for filling certain blank 
fields with codes other than an “NC for "Not Claasi- 
fied." The bases for assigning a meaningful code to 
particular fields are as follows. (Any addition to a 
data record was identified in a new field of what 
became an augmented data record; the original record 
was not altered.) 


Outage Type An outage may be classified ae 
automatic, forced-manual, or planned based on how it 
was initiated. When the Outage Type field was left 
Blank, the outage was classified aa “Automatic” if the 
outage Cause was one that would precipitate a phase-to- 
ground fault. Referring to the Cause Codes given in 
Figure 3, this was considered the case for outage 
Causes: Contamination (5C), and Foreign Interference 
(cause codea with prefix "3") except for Human (3H) and 
Tree (3T). An outage was alao classified "Automatic" 
if the outage cause waa identified as a Defective 
Protective System (1SP), Improper Relay Setting (2A), 
or Power System Condition: Out of Step (4C), Relay 
Incorrect Operation (4F), Overload Trip (4G), Switching 
Surge (47), Dynamic Overvoltage (4K), or Instability 
(4L). If the outage type was left blank and the outage 
cause was any scheduled outage {cause code with prefix 
"6"), the outage type was classified "Planned." 


Multiple Outages In capes where a utility had 
left the Multiple Outage field blank, the circuit 
outage was assumed to be “Primary/Independent" (1). If, 
however, it had the same start-time (to the minute) as 
one or more other circuit outages reported by the same 
utility, it was, in addition, recognized as "Simultane- 
ous” (IS). If a utility was observed to report all 
circuit outages as primary/independent, and it waa also 
observed that some of that utility's circuit outages 
had identical start-times, an "S" was added to the 
existing "I" to yield the independent and simultaneous 
code (1S}. In either case, the "1S" indicates that the 
circuit outages in the same utility with simultaneous 
start. times may have been related and part of a single 
event. 


Fault Type The Transmission Outage Data Submis— 
sion Guide stated that a blank entry in the “Fault 
Type" data field is intended to mean "No Fault." This, 
however, led to some confusion in the interpretation of 
the data submitted. That is, when the data submitter 
made no attempt to enter fault-type information, care 
waa required not to confuse thig with a series of 
outages each of which had “No Fault.” An "NC" was 
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Table 23, Distribution of Primary Outages with Respect to Outage Type, 
Degree of Outage, and Effect of Outage, by Voltage. 


MOMENTARY - AUTOMATIC 


MOMENTARY - FORCED MANUAL 
MOMENTARY - NOT SPECIFIED 
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Table 24. Mode of Restoration as a Percent of Total Number of Primary Outages. 
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inserted in this field to indicate "Not Classified" Unlike the previous two surveys, the 1985 survey 
only when it was obvious that a utility uniformly made partitioned initiating problema into "Line~Related" and 
no attempt to classify the type of fault. If a utility “Terminal-Related" in an attempt to develop outage 

had occasionally a non-blank code in thia field, it was tates that were functions of circuit length and number 
assumed that the data submitter was consistent and that of circuit terminals, respectively. Whereas the 1949 
a blank field was intended to mean ‘No Fault.' and 1965 surveys classified outages only as "Temporary" 


or "Permanent," the 1985 survey requested outage start 
and end times to provide a basis for astimating average 
COMPARISON WITH 1965 SURVEY outage duration. The 1965 survey alec collected data 
on planned outages. 
The 1949, 1965 and the 1985 surveys had common 


basic objectives: the pooling of transmission line Table 25 provides aample comparisona of the 

outage experience to gain a better underetanding of repuits of the 1965 and 1985 surveys. (A similar table 
outage occurrence rates and causea (especially of rare could be developed using 1949 survey reaultsa.) The 
events), the correlation of line performance with First column provides direct comparisons of the re- 
design, and, in general, the promotion of formal aponse to tha survey, the fraction of the forced 
collection of circuit outage and exposure history. outages that were "Suetained" (assumed equivalent to 
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"Permanent" in the 1965 survey), and the fraction of 
forced outages that were caused by lightning. (Light~ 
ning continued to be the prevalent cause of outage.) 


The comparisons in the second column of Table 25 
required some manipulation of the data collected in the 
1965 survey to ensure a common basia. Because the 
exposure data for the 1965 survey were expressed only 
in circuit~mile-years, comparison must be confined to 
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primary forced outage rates as a result of line-related 
Problems. This requires that outages initiated by 
terminal-related problema be removed from the 1965 
resulta. 


In the calculation of the lightning outage rates 
in Table 24, it was assumed that the outages of "Un- 
known" problem type collected in the 1985 survey {Table 
18) were line-related. These were then combined with 
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Table 25. Sample Comparisons of the Results of the 1985 and 1965 Surveys. 
| jeecaaymemmeeeemeemee eee ea 
Hd 1085 Survey] 1965 Survey’ 
[imme Period Surveyed (1 


lo. of Circuits Involved 


| 


Sr ee ey) 
| Atze7RV CT CC‘“‘*C*C*SOQY 
At 5OOkV zo 

| AtveskV, CT Ci SSC~C“C~*~C 
Total ST 


Circult Exposure (Mile-Years 

| At2zoky eae asal 145 645] 

J __aAtzemky 1078) 

a | 

a 7; 
Total 


nw 
m 
< 
se 
J 
= 
= 


No. of Primary Forced Outages 


Yc GT -)  ) 
E25 | SE 
a ZC) ee TTS 
[ar s00ny ge 
ES) ee ey | 
2 1) TS) 


| 


lo. of Primary Planned Outages (Evente) 


teat at gf 


Fraction of Primary Forced Outages 
at were “Sustained” (3) 


Sond o 
cd TAKS 
J _ ~ Belo “ih 


EY >) 
YTS 7 
EY 1) 7) 
pL ALSOORY Hf 
Se =) 


Fraction of Primary Forced Outages 
Caused by Lightning 


Es 36% 
Patayey 13% 
[argasey ea 
fH Arsoony mE 
PAR eSKY 2a} 
| Overatt 24% 


Notas: 


Lightning Outage Rate (4) (Per 100-Mile-Yoar : 
po Atzsony 05] 
Sy 

| 0.596 


At 765kV 0.45 


‘orced Outage Rate (5) (Per 100-Mile-Year 
0.71 
1.28 
0.86 
0.75 
| Momentary 
fe a 
Phase-to-Ground Fault Rate (5) (Per 100-Mile-Year 
071 


‘At 765kV 


7 


9.30 
9.97 


1.46 
3.276 


3.988) 


0.82) 


J 
> 
= 
oO 


3-Phase & 3-Phase-to-Ground 
Fauit Rate (5) (Per 100-Mile-Year 


0.037 
ES es ss: 
| Atsasky ota] 0.163) 
pi Atsooky ors 
p_Arzesky To. 000f 


(1) Time Period Survayed: 1985 Survey, 1/65-12/85; 1965 Survay, t/50-12/64. 


(2) The event count for the 1985 survey excludes common-mods outages. 


(3) Assumes that all outages of duration class "Not Reported’ in the 1965 survey were sustained in nature. 

(4} Assumes that all lightning outages in the 1965 survey were line-related. Includes “Line-Related” and “Unknown” and excludes 
“Terminal-Related” lightning problem types assembled in the 1985 survey. 

(5) To approximate outage rates due to line-related problems, 1965 outage rates are adjusted to exclude terminal-related outages by 
tamoving those caused by “Terminal Equipment", "Undesired Relay Ciperation” and “Personnel Error’, The 1985 outage rates 


exclude "Terminal-Related” and "Unknown" probiem types. 


{&) Inctudes those avents for which Outage Type (Momantary/Sustained) was "Not Reported” in the 1965 survey. 
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those known to be “Line-Related"” to calculate the 
line-related rate. In the results of the 1965 aurvey, 
all lightning outages were assumed to have been line- 
related in the calculation of a comparable rate. 


To calculate forced outage and fault rates as 
functions of circuit length, the following assumptions 
were made, On the 1985 side, only the line-related 
outages were considered. (If the outages of "Unknown" 
problem type were also assumed to be line-related, the 
outage rate would increase--eapecially for 345kV.) On 
the 1965 side, the assumption was made that outages 
caused by "Terminal Equipment Failure," "Undesaired 
Relay Operation” and “Personnel Error" were terminal- 
related, and that all other outages were line-related. 
These were subtracted from the total outage count 
before calculating the forced outage rate as a function 
of circuit length. 


The sample comparison of the resultea of the two 
surveys, as presented in Table 25, suggests the follow- 
ing shifts in outage characteristics. In more recent. 
yeara, the fraction of primary forced outages that were 
Bustained has increased, while the fraction of primary 
forced outages that was caused by lightning has de- 
creased. Lightning outage rates, however, appear to 
have increased in the 1985 survey (recognizing that the 
34SkV¥ sample in the 1965 survey was small). The 
line-related primary forced outage rates also appear 
generally to have increased (an increase that would be 
even more pronounced if some fraction of the outages of 
"Unknown" problem-type in Table 18 were assumed to be 
line-related). 


CONCLUSIONS AND RECOMMENDATIONS 


On Meeting Survey Goals 


In the Introduction, six goals adopted by the 
Working Group are listed. The first three goals relate 
to estimating failure rates and restoration times and 
gaining a better understanding of causes and effects. 
The results reported in this paper address all three 
goals with the exception of summarizing the causes of 
the related multiple outage events. Because of the 
multiplicity of outage combinations, an event-by~event 
study is required to adequately generalize the nature 
of the causes. Further effort in this area will be 
guided by the interests and concerna of the readers as 
expressed in the discussion of thia paper-. 


To expedite the publication of the basic survey 
data, the fourth goal of exploring the correlation of 
circuit design characteristics with circuit outage rate 
has been left to a future effort. The nature and depth 
of this effort will again depend on the level of 
interest displayed by the readers. 


The degree of success in meeting the fifth goal of 
updating results and determining how performance has 
changed since the last survey is difficult to asseaa. 
The comparison attempted in Table 25 is based on 
surveys of two different populations. Although the 
goals were similar, the circuits and their environments 
were not. The general manner of collecting and record- 
ing outage data may have also been different. 


With regard to the sixth goal of fostering the 
uniform and consistent collection of transmission line 
outage and exposure data, the 1985 survey process was a 
success. The Transmission Outage Data Submission Guide, 
along with its companion Circuit Characteristic Data 
Submission Guide, developed by the Working Group, 
served as a model and starting point for a number of 
utilities that had not previously formally collected 
the data. 


452 


APPENDIX N 


The Next Survey 


As more utilities institute transmission data 
collection systems, and as the data are standardized 
and pooled on a regional basis, the justification for 
and value of pooling data over a broad and diverse 
geographic area such as North America falle into 
question. It ia likely that, by the year 2000, most of 
the utilities that responded to the 1985 survey will be 
contributing transmission data to regional databases. 
Because of the increasingly evident inadequacies of 
deterministic approaches to ensuring the adequacy of 
tranamission systems, many other utilities will have 
likely implemented data collection systems. Because of 
these tendencies, the task of updating this survey will 
be less formidable, and more likely to succeed in 
satiafying goals similar to those of the 1985 effort. 
If, however, by the year 2000, many utilitiea remain 
uncommitted to the systematic collection of transmia- 
sion data, then the new survey will collect data that 
would not otherwise have been assembled, and, as in the 
Past, utility participation in data collection will 
have been encouraged and advanced. 


Whether the effort be focused on the development 
of a regional database, or on a survey of North Ameri- 
ca, there should be an effort to better capture and 
characterize the nature of related multiple outage 
events. An unfortunate aspect of the 1985 survey was 
that large blocks of outage data were reported totally 
as single-circuit independent events. 


Time taken in careful preparation of a future 
survey will pay a significant dividend when the time 
arrives to analyze the data. Spend time investigating 
the nature of available data, so that the request for 
data will not require a heroic effort in response. Care 
should he taken to clearly define terms and provide 
codes for all possible situations. Never use an blank 
field as a responae option. Finally, avoid, if possi- 
ble, undertaking the conversion of a contributing 
entity's data to the desired format. This task ie beat 
done by someone with an intimate and working knowledge 
of the original data collection system. 
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DISCUSSION 

RONALD ©. GUNDERSON, Nebraska Public Power 
District, Hastings, Nebraska: The authors are 
to be commended for the effort in this immense 
task. The authors state that a significant 
number of terminal related outage records have 
been removed from the outage database because 
of irreconcilable data deficiencies. Not 
including these outages in the calculation of 
outage rates will lead to outage rates which 
are significantly lower than the actual outage 
rates of the lines. Would the authors indi- 
cate how many outage records were excluded and 
some examples of the type of irreconcilable 
data deficiencies which occurred, 

Historically, outage rates for terminal 
related outages have been expressed in terms 
of outages per terminal year. The assumption 
is made that the number of terminal related 
outages is directly proportional to the number 
of terminals. It would be interesting to know 
if the data supports this assumption. Is the 
outage rate per terminal year for two terminal 
lines essentially the same as that for three 
terminal lines or four terminal lines? Or are 
the outage rates for multiple terminal lines 
greater because of the increased complexity of 
the associated protection systems and the 
possibility of incorrect operations? Similar 
questions can be asked of the bus configura- 
tion at each terminal. Reference [1] con- 
cludes that outage rates and durations for 
terminal related outages are different for 
different bus configurations. Can the task 
force give estimated outage rates for differ- 
ent bus configurations? Future collection 
efforts should collect data on the type of bus 
configuration at each terminal. 

The goal of correlating circuit design 
characteristics with circuit outage rates is a 
worthwhile goal. Utilities need to know how 
the different design characteristics such as 
single circuit line vs. double circuit line 
and different types of construction material 
and configuration affect the performance of 
transmission lines. This information becomes 
more important as the transmission system 
becomes more heavily loaded and outages become 
more critical. 

The industry needs to better understand what 
factors influence transmission line perfor- 
mance. By collecting data over a large area 
with the same format, analyses can be per- 
formed which may improve this understanding. 
For example, do relatively short lines in 
urban areas have the same performance charac~ 
teristics as relatively long lines in rural 
areas? What is the effect of different cli- 
mates on outage performance? Reference [2] 
describes an outage data collection format 
which was developed by two NERC regions and is 
being utilized by them. This format collects 
characteristic data on different types of 
basic construction, terminal configuration, 
and common exposure. Information is collected 
for related outage events also. 


REFER ES 

{1} M. G. Lauby, D. D. Klempel, ¢. G. Dahl, 
R. ©. Gunderson, E. P. Weber, P. @. 
Lehman, "The Effects of Terminal Complex- 
ity and Redundancy on the Frequency and 
Duration of Forced Outages", IEEE Trans- 
actions on Power Systems, Vol. PWRS~2, 
No. 4, Nov. 1987, pp.856-862. 

[2] Transmission Outage Task Force of the 
Mid~America Interconnected Network, 
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Transmission Reliability Task Force of 
the Mid-Continent Area Power Pool, M. G. 
Lauby, "Joint Development of Consistent 
Bulk Transmission Outage Reporting and 
Analysis Procedures by Two NERC Regions", 
IZEE Transactions on Power Systems, 
Vol. 4, No. 2, May 1989, pp. 507-516. 


M. Oprisan (Canadian Electrical Association, Montreal, Que- 
bec, Canada): I wish to compliment the authors, members of the 
Working Group on Statistics of Line Outages, on the excellent 
and comprehensive analysis provided in their paper. From per- 
sonal experience I know what a formidable task it is to compile 
such a vast amount of information, ensure the consistency of 
data and try to derive meaningfu! statistics which could be of use 
to the contributors. 

The Canadian Electrical Association has coliected transmis- 
sion equipment outage data since 1978 and I have included 
below, for comparison, a portion of the report covering the 
S-year period 1986-1990 for 230 kV transmission lines, both 
momentary and sustained outages. 


Summary of Transmission Line Statistics for 
Line-Related Sustained Forced Outages 


Voltage Kilometre Number Total Frequency Mean Unavail- 
Classi- Years of Time (Per Duration ability 
fication (km.a) Qutages —(h) 106 km.a) (h) (%) 
200-299 kV «171,104 929 11,502 0.5429 12.4 0.077 
Summary of Transmission Line Statistics for 
Line-Related Momentary Forced Outages 
Voltage Kilometre Number Frequency 
Classi- Years of (per 
fication (km.a) Outages 100 km.a) 
200-299 kV 171104 1,008 0.5891 
Summary of Transmisston Line Statistics for 
Terminal-Related Sustained Forced Outages 
Voltage Terminal Number = Total Mean Unavail- 
Classi- Years of Time Frequency Duration ability 
fication (a) Outages —(h) (Per a) th) (%)} 
200-299 kV 4.870 658 3.070 0.1351 4.7 0.007 


With regard to momentary and sustained outages, 1 noticed 
on page 3 of your paper under Data Summaries that a momen- 
tary outage is defined as having a restoration time of less than or 
equal to one minute. However, a sustained outage is defined as 
having a restoration time equal to or greater than two minutes. 
The CEA system defines a sustained outage as having a restora- 
tion time greater than one minute. Was the restoration time 
between one and two minutes purposefully excluded from your 
definitions? 

On Table 18, page 4, among Defective Equipment Primary 
Causes you list Circuit Breakers, Transformers, Shunt Reactor 
Banks, etc. [ was wondering if these should be actually lumped 
together with the transmission lines and if by doing so one does 
not get a somewhat distorted image of transmission line perfor- 
mance. In the CEA system these pieces of power equipment are 
analyzed separately as components of the transmission system. 

I should also note that all Canadian utilities have agreed, 
from the beginning, to submit the transmission component in- 
ventory and outages in full and in a consistent format which 
resulted in meaningful and useful statistics based on a large 
database. This can be partly attributed to the fact that the 
number of utilities involved is rather smail even if some of them 
are large in size. This comment applies to the last paragraph of 
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the “On Meeting Survey Goals” on page 12 and I should add 
that as far as the Canadian utilities are concerned the interest 
has been and I believe will always be there for collecting this 
type of information. I suspect that the same will be true for the 
US. utilities. 

In concluding, I would like to know how you see the useful- 
ness of such a survey conducted every [5~20 years. Surveys were 
conducted in 1949, 1965, 1985 and you seem to be talking about 
the next one in 2000. You will certainly appreciate the reason 
for this question since, as | mentioned before, CEA has pro- 
duced such surveys annualty since 1978. 


Manuscript received January 26, 1993. 


MAIN Transmission Outage Task Force: G. A. Johnson, chair- 
man (Central Ilinois Public Service Co.); E. C. Pfeiffer (Union 
Electric Co.); P. B. Burke (Commonwealth Edison Co.); D. L. 
Smith (Wisconsin Public Service Corp.); A. W. Schneider, Jr. 
(MAIN Coordination Center): The Mid-America Interconnected 
Network (MAIN) Transmission Outage Task Force was among 
the participants in the survey leading to this paper; thus we 
appreciate first hand the difficulty of providing certain requested 
data items which were not in our computer file of EHV trans- 
mission outages. The Data Analysis Task Force has succeeded 
beyond our expectations in providing “typical” performance 
measures which can help the industry to prioritize development 
of analytical tools. In addition, this survey has stimulated revi- 
sions to MAIN data collection procedures so that relevant 
characteristics of EHV outages are recorded permanently in an 
easily retrievable form. 

From time to time suggestions are made to establish an 
ongoing collection of EHV transmission outage data covering ali 
of North America, This would be similar to the GADS collection 
of generating unit outage data. This would be of questionable 
value because indices computed from such data would probably 
be poor predictors of the performance of any particular line. 
There are at least two reasons for this, First, overhead lines 
operate in very diverse environments, compensated to some 
extent by the line design. Second, the “vintage” of a transmis- 
sion line is much more difficult to establish than that of a 
generating unit, as old lines are cut and extended to new 
terminals to mect new system requirements. 

However, periodic efforts such as this paper stimulate the 
trend toward complete data collection on outages which is 
essential to make rigorous estimates of future performance, as 
in comparing the reliability of alternative designs. 

The Data Analysis Task Force has presented forceful conclu- 
sions which should be carefuliy considered in creating or revising 
regional data collection schemes. The resulting data will be 
greatly enhanced, and future pooling of data will require much 
less effort and fewer interpretations and assumptions. 

Indices computed using the methods of this paper wilt he less 
adequate for lines of more complex topology, such as the }15 kV 
through 161 kV transmission lines used to supply distribution 
substations and industrial customers from EHV points of supply. 
These lines may have greater impact on the reliability of supply 
to customers, because there is often a lower level of redundancy. 
They are also subject to frequent sectionalizing and switching. 
Does the Task Force plan to recommend data collection meth- 
ods to develop useful performance indices for such lines? 


Manuscript received February 16, 1993. 
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J. Endrenyi and L. Wang (Ontario Hydro, Toronto, Canada): 
One of the purposes of this survey is to address the need for 
line outage data in probabilistic modelling for planning and 
operation. The survey results reported in this paper involves 
the pooling of line outage data submitted by utilities in the U.S. 
and Canada. A pertinent question to ask is: can the pooling 
process be carried out without considering such factors as 
homogeneity in line design and operating environment? Similar 
questions have been asked in the pooting of generating unit 
data, and these questions are now being addressed by the Task 
Force on Generating Unit Data Pooling of the Application of 
Probability Methods Subcommittee. Unconstrained pooling 
may reduce the usefulness of the information. 


We noticed that in Table 18 the weather-related outages are 
separately identified. This is, however, not sufficient 
information to calculate separate good- and severe-weather 
Outage rates required in some reltability models. To obtain 
these rates, the average duration of severe weather periods 
would also be needed. Yet, this information is dependent on 
the region and probably cannot be pooled. Is any extension of 
the work foreseen to address this problem? 


Finally, we would like to congratulate the members of the Data 
Analysis Task Force for their effort and valuable contributions 
in compiling and analyzing a tremendous amount of line outage 
data. 


Manuscript received February 22, 1993. 


HELENANN VOLPE AND BRIAN SILVERSTEIN 
(Bonneville Power Administration, Portland, OR). We 
commend the Data Analysis Task Force for the excellent 
job that they did in gathering and analyzing the large 
volume of outage data that was collected. The results are 
good indicators of large scale trends in outage rates for 
transmission lines operating at or above 230-kV. 


Would the authors please expand on the “irreconcilable 
data deficiency” that leads to the caution not to draw 
conclusions about the ratio of line-related to terminal- 
related outages. 


Reference was made, both in the paper and at the pre- 
sentation, to the large amount of unanalyzed design 
related material in the data base [6] and the question 
arose as to what should be done with it. Perhaps some 
exploratory multi-variate analysis will point to those 
design parameters which warrant further investigation, 
either by this group or by others. 


One possibility for future work is to join with the 
Working Group on Performance Records under the 
Application of Probability Methods Subcommittee, who 
have an ongoing effort on Data Pooling for Generators. 
With contributor permission, and removing utility iden- 
tification, the data could also be made available to 
researchers in computer readable form. 


Through the efforts of the Task Force, the authors now 
have a comprehensive understanding of the strengths 
and weaknesses of the data collection format that was 
used in this project. Some suggestions are made for 
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improvement in the section on The Next Survey. If data 
subsequent to 1985 can be collected in a materially simi- 
jar form, it may be possible to observe trends in outage 
rates. This common basis for comparison will make the 
analysis more valuable. 


Manuscript received February 22, 1993. 


R. J. Ringlee (Power Technologies, inc., Schenectady, NY): 
Appreciation and compliments are due the Data Analysis Task 
Force for its success in presenting results much more compre- 
hensive than preceding surveys, results that represent a signifi- 
cant contribution to the overhead line performance data base 
and which should be of value in improving estimates of outage 
rate and restoration for overhead lines. Coilection of data on 
multiple outage events is a significant addition to the data base. 
Data on the likelihood of these events are essential for bulk 
power system reliability prediction and knowledge of their likeli- 
hood is a necessary input to rational formation of reliability 
criteria for design of lines and stations. For example, Table 20 
indicates that a significant fraction of the multiple outages were 
identified as arising from common-terminal common mode. Table 
18 indicates that nearly one third of the sustained outages for 
500 and 765 kV circuits were identified as terminal related. Data 
in both Tables prompt the question of root cause for the high 
numbers of terminal-related outages and raise the opportunity 
to explore the reliability benefit /cost of improved station equip- 
ment performance and alternative station designs. 

The step of exploring the correlation of circuit outage rate 
with line design characteristics is of fundamental importance; 
may the Task Force receive the encouragement it seeks to 
continue its efforts in this direction. 

The authors have indicated that trend analysis should not be 
attempted by comparison of the data between successive surveys 
owing to the differing data sets involved. The discussor agrees if 
the comparison were to be made between statistics representing 
the aggregate performance of all circuits of a given voltage. 
There's an alternative that might be considered if the informa- 
tion on specific circuits were available in successive surveys: 
paired comparisons. Circuits that appear in both surveys would 
be candidates for making estimates of trends. In like manner, 
paired comparisons could be made with the circuit data in the 
latest survey to compare the effect of design by pairing circuits 
of dissimilar design but located in similar geographical areas and 
using the data that span the same period. 


Manuscript received February 24, 1993. 


T. E. McDermott (Power Technologies, Inc., Pittsburgh, PA): 
The task force has effectively presented a large amount of data 
on transmission outages, and this information should be vatu- 
able to the industry. Other investigators may wish to pursue goal 
4 of the survey, by correlating outages with certain design 
parameters. Would it be possible to maintain the raw data 
presented in this paper and in [6], in electronic format, under 
the auspices of the General Systems Subcommittee? 

Many of the reported outages were caused by lightning. The 
TEER Working Group on Estimating the Lightning Perfor- 
mances of Transmission Lines has a public-domain computer 
program (FLASH) to predict the lightning performance of over- 
head lines. With the outage data in this paper and the design 
data in [6], it may be possible to validate or improve the models 
in FLASH. The Electric Power Research Institute also has a 
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program (MULTIFLASH) that offers a prediction of multi-phase 
and/or multi-circuit outages. The data collected by this task 
force would be very useful in analyzing the results of both 
programs, if the data were kept accessible in an electronic 
format. 


Manuscript received March 1, 1993. 


Y. S. Rashkes (former Chief of EHV Ficld Tests Division of 
Electric Power Research Institute, Moscow. Russia; now with 
General Electric at the EPRI High Voltage Transmission Re- 
search Center, Lenox, MA): Statistical data on the service per- 
formance of HV/EHV transmission lines were collected and 
analyzed also in the USSR during many tens of years. The high 
interest of power engineers in each new publication on this 
subject demonstrates that they recognize very clearly how impor- 
tant and beneticial it is to use service experience for future 
improvements in transmission reliability. 

For American power engineers it would be of interest to 
compare their own service experience published in the discussed 
paper with the Soviet one which is summarized in recent publi- 
cations [1-3]. 

General characteristic of Soviet transmission network. The terti- 
tory of the former USSR is much larger than that of the US 
(22.4 and 9.4 miilion sq. km respectively), its population exceeds 
the US population only by 10% (284 and 245 million people in 
1988), so the medium density of population was much lower than 
in the USA. Electric energy production was significantly less 
than that of the USA and in 1990 reached 1.8 million GW.hours. 
As a result, main power flows were Jess than in the USA, and 
the HV transmission network was not so dense and multicircuit 
transmission was rare. Nevertheless the total length of HV 
transmission lines was very large and increased fast (in thou- 
sands km): 


in 1960- about 150, in 1970- 450, in 1980- 780, in 1990- 1100. 


Total tength of EHV lines---345 kV and above——was (in thou- 
sands km): 


in 1960- about 5, in 1970- 28, in 1980- 55. in 1990- 98. 


The voltage level of 400-500 kV in Soviet transmissions was 
reached in 1956-62, 750 kV- in 1966, 1150 kV- in 1985, and in 
1990 there were in operation (in thousands km): 


330 kV- about 32, 500 KV- 55, 750 kKV- 10, ISO kKV- 1. 


All Soviet 750 and 1150 kV lines, as well as the absolute majority 
of 500 kV lines are single circuit. Reserves in network transmit- 
ting capacity and in generating capacity are small, so for the 
Soviet power utilities is very important to reach high service 
reliability, especially for EHV lines. Progress in line design, 
proper choice of insulation and overvoltage protection, wide 
application of high-speed autoreclosing, especiatly single-pole. 
efforts to maintain necessary level of service and repair works 
permitted to reach this goal. Service experience in the USSR 
was analyzed on a regular base (annually). This helped consider- 
ably in improving reliability. 

Service experience data. For analysis in [1] author used data of 
1981-1985 with total volume about 2.6 million km.year. These 
data were compared with earlier published [4-7], which covered 
about 0.3 million km.years during 1959-1980 but were for dif- 
ferent regions of the USSR. 

The specific number of Soviet line outages for each rated line 
voltage were (per 100 km.years): 


For lines {10kV ISOkKV 220kV 330 kV SOOkKV 750kV 
Tn 1981-1985 3.0 1.8 1.5 1.5 0.6 0.2 
In {4--7] 15-35 1 0.5-2.0 1.5-3.2 0.58 
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The spread in the data of [4-7] is caused by regional differ- 
ences in insulation contamination, lightning protection ¢te.. so 
the averaged figures from the more recent survey based on a 
bigger observation volume are more reliable. For (150 kV lines, 
their total length and observation period are too small for 
dependable evaluation, but preliminary results show that the 
specific number of outages is about 0.1 per 100 km.year. It is of 
interest to characterize the rcasons of outages for EH lines. 
According to [8, 9] the causes of outages of Soviet 500 and 750 
kV lines are (in % of total number of outages): 


SOOKVY 750 kV 

Defects of manufacturing and maintenance 17.9 13.7 
Ice, snow, conductor galloping, etc. 1.6 3.8 
Wind 93 20.6 
Lightning 12.7 21.0 
Flashover of contaminated insulation 42 8.6 
Fire, mechanical damages by outgoing 

people and transport 16.6 13.8 
Unknown reasons 27.7 17.5 


Specific number of outages in the Soviet network is in satisfac- 
tory agreement with previously published American and Cana- 
dian data including [10]. 

One of the goals for the analysis performed was to check the 
effectiveness of high-speed autoreclosing as a very inexpensive 
measure to improve line reliability. The percentage of arcing 
faults which could be potentially cleared by high-speed reclosing 
could be assessed only approximately because faulty phase volt- 
age was not always of sufficient size to determine from the 
oscillograms of the failure if short circuit was through are. So 
probability of arc faults was evaluated as: 


110-220 kV- 0.6-0.9, 330 kV- 0.7-0.85, 500-750 kV- 0.65-0.75 


(higher values are applicable to lines with higher specific num- 
ber of outages duc to lightning storms or polluted insulation 
flashovers). Arc faults may be created also by wind, conductor 
galloping. fire, outgoing vehicles’ movement ete., so the inci- 
dence of arc faults is in good agreement with the above men- 
tioned statistical reasons of trippings. Possibly, the percentage of 
arc faults is even higher because special analysis showed that 
unsuccessful high-speed reclosings originally supposed to be 
metal or tree short-circuits were associated with too small dead 
times or with multiple flashovers of contaminated insulation in 
unfavorable weather conditions. 

The proportion of single-phase faults in the total number of 
line trippings increases with rated voltage and, correspondingly, 
with growing tower dimensions: 


220 kV-0.6, 330 KV-0.8, S00 KV-0.92, 750 KV-0.98, 


This means that for EHV lines single-pole high-speed reclos- 
ing becomes the main mode of reclosing. Really, although com- 
posite single- and three-phase reclosing devices are in common 
use in the USSR, the single-phase mode of their operation is 
predominant in the 330-500 kV network and ts practically the 
only one for 750 kV lines. For 750 kV lines three-phase high- 
speed autoreclosing works only at mistaken trippings of the line. 

Success of high-speed reclosing shghtly decreases with EHV 
rated voltage and is somewhat less than in the USA: 


TOK QMKY JR KY SOR TSOKS 
Single-phase in the USSR 38 G7R 0.72 2 US2 
Single- and 3-phase total inthe USSR 0.75 ah 4).78 0.62 32 
Single- and S-phase total in USA [EH] 0.62 OT ONS TF Ub? 


This primarily occurs because fault rate sharply falls with cise 
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of rated voltage and therefore various defects that autoreclosing 
cannot correct become more pronounced. 

it could be seen that such a simple measure as single-phase 
high-speed autoreclosing provides continuity of power supply 
through EHV lines in a half or three quarters of the outages. 

Dead time for the Sovict EHV lines usually equals, in depen- 
dence of secondary arc current, (1.6-2.5 sec. Automatic devices 
for high-speed reclosing worked properly in 99.8% of cases. 
Information about reliability of other kinds of relay protection 
and automatic devices is given in [3]. 

A small specific rate of outages in 750 kV lines together with 
high enough efficiency of high-speed reclosure led to the situa- 
tion when one tripping of such line due to its failure is statisti- 
cally as frequent as one tripping due to the failure of substation 
equipment and 0.5-1 tripping due to malfunctioning of relay 
protection devices or mistakes of service personnel. The same 
situation was found in Canada [10]. Such data show the practical 
necessity of paying attention to equipment reliability, transmis- 
sion schemes and personnel training. 
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R. B. ADLER, C. R. HEISING, T. S. WHITE, 

M. G. LAUBY, S. L. DANIEL JR., R. P. LUDORF: 
We hasten to thank the discussers for their 
expressions of appreciation for the efforts 
of the Working Group on Statistics of Line 
Outages. We thank them also for their 
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thoughtful and provocative comments and 
questions. Their discussion has motivated us 
to explore further the correlations and 
implications of the line outage and design 
history entrusted to us. 


Several discussers raised questions on 
the nature of the data deficiencies that 
prompted the Data Analysis Task Force (DATF) 
to discard data. This by and large arose 
when we had to convert data from one form to 
another. In these cases, the data were 
submitted in a format different from the 
requested format. In several cases, with the 
help of the data submitter, the DATF 
developed a conversion program for both the 
outage and exposure data. In some cases, 
however, certain essential data was absent. 
One particularly troublesome type of 
conversion is from a database developed by a 
collection system whose primary purpose is to 
estimate component outage and repair rates. 
The IEEE format, however, is oriented to the 
development of outage and repair rates for 
the transmission circuit as a unit [1)}. 


Concerns about the value of pooled data 
are ever present. Pooling of non-homogenous 
data always introduces questions on just what 
is represented. One of the conclusions of 
the IEEE Task Force on Generating Unit Data 
Pooling (of the Application of Probability 
Methods Subcommittee) is that one must always 
focus on the planned use of the pooled data 
in developing the survey forms. The design 
of the IEEE survey was guided by the goals 
outlined in the Introduction. 


From the members of the MAIN 
Transmission Outage Task Force, we are 
pleased to hear that our efforts in 
developing an effective survey have 
stimulated review and improvement in data 
collection procedures. This discusser 
underscores a important observation: pooling 
transmission outage data over all of North 
America provides a poor basis for the 
predicting the performance of any specific 
line where weather, terrain and other 
characteristics are known. Such data pooling 
over such a broad geographic area does, 
however, provide initial estimates, which are 
then tempered in accordance with local 
conditions. This is especially the case for 
rare events such as three-phase faults at 
500kV and 765kvV. 


The Data Analysis Task Force agrees that 
it is desirable to establish a guideline for 
the collection of outage data on transmission 
of voltages below 230kV (69, 115, 135 and 
161kV). We would recommend that the present 
questionnaire serve as a starting point for a 
collection system for outage history at these 
(sub)transmission voltages. 


The DATF agrees with Mr. Ringlee in his 
observation that a high proportion of outages 
(both single and multiple) are terminal 
related. Because of earlier-discussed data 
deficiencies, many terminal-related outages 
were not included in the summaries, while 
line-related outages on the same lines were 
included. As a result, an even higher 
proportion of the outages are terminal 
related. We agree that this observation 


458 


APPENDIX N 


points to improved station equipment 
performance as a potentially fruitful area 
for improving the reliability of the 
transmission system. 


Although it would be desirable to see 
how the performance of particular lines may 
have changed from the 1965 to 1985 surveys, 
the data collected in the 1965 survey are 
lost. The comparison of circuits of 
different designs within the 1985 survey, but 
operating in similar geographic areas, is 
difficult because of a lack of detailed 
geographic information requested on the 
lines. This is a comparison that can, 
however, be made using the general regional 
characteristics of the host utility, and wiil 
be considered in the next phase of this work. 


A clarification on our procedure for 
removing certain outage data is necessary to 
address Mr. Gunderson’s concern that such 
omissions may lead to outage rates which are 
significantly lower than the actual outage 
rates of the lines. In all cases, the 
exposure data were adjusted to avoid this 
consequence. Both line-related and terminal- 
related outages had to be removed. The 
largest block of data removed were terminal 
related outages as noted in Footnote No. 4 to 
Table 18. The reader is cautioned not to 
take the ratio of terminal-related to line- 
related outages, since the terminal-related 
outages are under represented. 


Mr. Gunderson suggests that terminai- 
related outages on a circuit may not be 
linearly related to the number of terminals 
that line has as we have assumed. The reason 
cited is that the complexity of protection 
systems increases as the number of terminals 
increases. Table 18 indicates that a 
significant portion of the terminal-related 
outages are due to problems with the 
protective system at all voltages but 765kV. 
At 765kV, 100% of the circuits upon which 
outages were reported have only two-terminals 
{6]. We will delve more deeply into this 
observation in the next phase of our work. 

We cannot, however, do the same for 
variations in bus configuration, since we did 
not collect data to characterize this 
undoubtedly important variable. We agree 
with Mr. Gunderson that the nature of Land 
development and weather characteristics along 
the r.c.w. might correlate with outage rate. 
There is always the balance to be struck, 
however, between what data might be 
desirable, what data is readily available, 
and the possible risk of overwhelming the 
person assembling and submitting the data. 


We agree with Messrs. Endrenyi and Wang 
in their observation that the weather-related 
outages reported in Table 18 (under the 
"Environment" general cause) tell us little 
about the impact of weather. This is because 
we did not ask for a characterization of 
weather exposure in the circuit population 
data. Table 18 only confirms our suspicion 
that weather effects are the predominant 
outage cause within the "Environment" 
Category. 


We expect to make better use of the 
lightning-related outage data in the next 
phase of the data analysis. Lightning 
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performance will be correlated with 
isokeraunic level, and with number and angle 
ef shielding wires. We may also find 
correlation of lightning outages with other 
design characteristics. 


Ms. Volpe and Mr. Silverstein identify 
the Working Group on Performance Records as a 
supportive setting for further analysis of 
the data. The DATF will explore the merits 
of this suggestion. 


It has been the intent of the Working 
Group on Statistics of Line Outages to 
document thoroughly the data collection 
system used in the 1985 survey and to 
identify its weaknesses [4,6]. The goal is 
to state the lessons learned and possibly to 
ease the preparations for the next general 
survey. In doing so, we would hope also to 
facilitate the capture and observation of 
trends over time as Ms. Volpe and Mr. 
Silverstein have suggested. 


Mr. Rashkes has provided some 
provocative observations on the practice and 
performance of the Russian transmission 
system operating at voltages similar to those 
that we have surveyed. Of particular 
interest to the DATF are the observations on 
the fraction of single-phase faults that have 
occurred on the Russian system, and on the 
benefits of single-pole reclosing. From 
Table 21 of the paper, we similarly observe 
that single-phase faults caused by line- 
related problems are the predominant cause of 
outage at all voltages. Whereas the Russian 
experience has indicated that 60% to 98% of 
the total trippings are from single-phase 
faults, our data from Table 21 indicate this 
portion to lie in the range from 18% to 52%. 
Perhaps, without single-pole switching to 
help indicate the nature of the fault, there 
is a less accurate identification of the 
fault type. Mr. Rashkes summarizes the 
success of single- and three-phase high-speed 
reclosing as lying in the range of a half to 
three-quarters. If we were to assume the 
“success” rate to be defined as the ratio of 
momentary line-related outages to the sum of 
momentary and sustained line-related outages, 
we observe a success rate in the range from a 
third to two-thirds. Single-pole reclosing 
may have a significant and important positive 
impact on transmission network reliability. 


Some interesting comparisons may also be 
made to Mr. Rashkes' summary of outage 
causes. Wind and contamination have much 
less impact in our survey, which may be the 
result of either differences in design, or 
agifferences in operating environment. 
Lightning, on the other hand, has a greater 
impact on line outages. This may be due to a 
basic difference in circuit design, or to a 
greater incidence of lightning near those 
circuits on which data were reported? 


We observe that the Russian data appears 
to be normalized only by circuit length, and 
not by the number of terminals involved. It 
appears that no distinction was made between 
terminal- and line-related outages. 
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The utilities and power pools responded 
to the [EEE survey of overhead transmission 
Outages with the agreement that the “data 
will be held in strict confidence and only 
summaries will be reported..." The Working 
Group is, therefore, obliged not to release 
the detailed data for use by others. As an 
alternative we are willing to work with any 
other IEEE working group or task force in 
exploring the implications of the data. This 
would include Mr. McDermott's suggestion that 
we discuss possible data analysis that may be 
of interest to the IEEE Working Group on 
Estimating the Lightning Performances of 
Transmission Lines. 


The DATF thanks Mr. Oprisan for sharing 
his insight on the benefits of pooling data. 
Since he has offered a sampling of the CEA 
transmission statistics, we will make a few 
comparisons of the results at 230kV. (The 
reader will recall that our data includes CEA 
data.) Referring to our Table 18 and 
converting miles to kilometers, our data 
indicates a line-related sustained forced 
outage frequency of 0.80 per 100 km.a 
(compared to CEA's 0.54 per 100 km.a}, and 
momentary forced outage frequency of 0.44 per 
100 km.a {compared to CEA's 0.58 per 100 
km.a). Our Table 22 shows an average 
duration of the line-related sustained forced 
outages of 7.9 hours (compared to CEA's 12.4 
hours). With regard to terminal-related 
sustained forced outages, our data indicates 
a frequency of 0.06 per terminal.a (compared 
to CEA's 0.14 per terminal.a}, and a duration 
of 9.8 hours {compared to CEA's 4.7 hours). 


Mr. Oprisan has identified a point of 
confusion in our definition of momentary and 
sustained outages. We define a momentary 
outage as one whose duration is one minute or 
less. Since we request outage start and end 
times only to the nearest minute, the next 
larger increment in duration is two minutes. 
Thus any outage with calculated duration of 
two minutes or more is considered sustained. 
Depending on how the data submitter may have 
rounded off the outage start and end times, 
an outage that was in fact of duration 
between one and two minutes may he classified 
momentary or sustained. 


Mr. Oprisan observes that the failure of 
terminal equipment is listed as outage causes 
of circuits. Our approach treats the a 
transmission line and its terminal equipment 
as a unit, and provides statistics on the 
“transmission unit." An alternate approach 
is oriented to the development of statistics 
on the transmission components. The latter 
approach is favored by CEA. The DATF found 
that there are some problems with converting 
data collected under one approach to a form 
compatible with the other approach. 


Again we thank the discussers for their 
questions, comments and recommendations. 
These have provided us with the impetus to 
forge onward with a more detailed analysis of 
the data collected. 


Manuscript rece:ved Apri! 13, 1993. 
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Abstract - Frequent transient and sustained forced outages of 
transmission equipment can significandy affect the performance of 
industrial and commercial power systems and the processes they 
control. A knowledge of the primary causes (¢.g., adverse weather, 
defective equipment, etc. } of transmission line sustained and transient 
forced outages and which physical components of a transmission line 
(e.g., line conductors, structure, hardware, etc.) are affected is 
essential for designing and maintaining reliable transmission systems. 
Historica} transmission reliability data provides the ability to predict 
[1] the performance of various transmission line configurations and 
assess the impact of forced outages on industrial and commercial 
power systems. When no historical voltage sag data is available, 
historical transmission line reliability statistics can be used to predict 
the voltage sag activities at a particular site. The prediction 
methodology will appear in the next edition of IEEE Std. 493 (i-e., 
IEEE Goid Book). This paper will present a summary of the 
Canadian Electrical Association's Equipment Reliability Information 
System statistics on the forced outage performance characteristics of 
transmission equipment for Canadian utilities for the period 1988 - 
1992. The paper will reveal the structure of the data base and present 
relevant summary data necessary for the application of these reliability 
methodologies{!). 


I. INTRODUCTION 


“In 197§ the Canadian Electrical Association (CEA) adopted a 
proposal to create a facility for centralized coliection, processing and 
reporting of reliability and outage statistics for electrical generation, 
transmission and distribution equipment. To coordinate the 
development of this Equipment Reliability Information System CEA 
constituted the Consultative Commitee on Outage Statistics. In 1978, 
the transmission stage of the information system was implemented 
when Canadian utilities began supplying data on transmission 
equipment in accordance with the Instruction Manual for Reporting 
Component Forced Outages of Transmission Equipment” [2]. 


The performance of transmission Lines can be viewed from many 
different perspectives. To understand the variance in these 
perspectives, it is necessary to define the data base structure of 
transmission line performance data. The structure for the CEA 
transmission ¢quipment forced outage data base is shown in Figure 1. 


The major classifications of transmission lines are according to 
their operating voltage level and their supporting structure (c.g., 
double pole wood construction). The forced outage data is divided 
into two categories; namely, sustained and transient forced outages. 
The sustained forced outages are further divided into “line-related™ 
and “terminal related” forced outages while transient forced outages 
are only defined in terms of “‘line-related” forced outages. The “line- 
related” and “terminal! related” forced outages are further subdivided 
into primary causes and subcomponent categories. 


The identified primary causes of tansmission line forced 
outages are: 


@ defective component @ adverse weather @ adverse environment 
@ system condition @ humanelement @ foreign interference 
@ unknown 


The identified subcomponents affected by transmission line 
forced outages are: 


@ structural @ joints & deadends @ conductor 
@ insulation system @ ground wire @ hardware 
@ other 
© 1994 IEEE 
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Fig. | Canadian Ejectricad Association transmission line data base 
structure 


Historical transmission line forced outage statistics provide key 
answers to often posed questions: 

1. What are the prime causes of transmission line forced outages? 

2. Does the frequency of wansmission line forced outages vary 
significantly with the supporting structure (e.g., wood, steel, 
etc.) and the operating voltage of a transmission line? 

3. How Jong are transmission line sustained forced outages? 

4. What is the weakest link of a transmission line? Is it the line 


conductors, line hardware, insulators, ground wires, its 
structure? 
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Table I below is a summary of the inventory at December 31, 
1992 by voltage classification based on the data supplied by all utility 
contributors. 


TABLE I 
INVENTORY OF TRANSMISSION LINES 
AS OF DECEMBER 31, 1992 


VOLTAGE CLASS 


110 150 200 300 500 600 
Length 
(km.) 41,456 12,255 37,096 9,857 9,061 10,193 
Terminals 2,057 167) 1,125 271 221 331 


Il TRANSMISSION LINE “LINE-RELATED” 
SUSTAINED FORCED OUTAGES 


“A sustained forced outage refers to a transmission line- 
related forced outage, the duration of which is one minute or more. It 
does, therefore, not include automatic reclosing events” {2}. The 
percentage of transmission line “line-related’ sustained forced outages 
stratified according to the primary cause of forced outages and voltage 
classification is shown in Figure 2, A summary of transmission line 
statistics for line-retated sustained forced outages is shown in Table Il. 


The identification of the primary cause as adverse weather (i.e., 
lightning, rain, freezing rain, ice, snow, wind, high ambient 
temperature, low ambient temperature, freezing fog or frost, 
tornadoes) versus defective equipment requires some clanification(3]. 
“If it is known that equipment has faiied as a consequence of adverse 
weather and that the weather conditions were within the design 
parameters of the failed equipment then the PRIMARY CAUSE 
CODE must be DEFECTIVE EQUIPMENT. And conversely, if the 
weather conditions were outside of the design parameters of the failed 
equipment (¢.g., tomado) the PRIMARY CAUSE CODE must be 
ADVERSE WEATHER. 
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TABLE 0 
SUMMARY OF TRANSMISSION LINE STATISTICS FOR 
LINE-RELATED $ US TAINED FORCED OUTAGES 


VOLTAGE CLASS 


110 150 200 300 $00 600 

Kilometer 

Years 

(km.a} 215,547 10,867 180,449 46,169 42,431 50,998 
Number of 

Outages 2,849 73 $92 133 263 91 
Total Time (h) 22,231 618 12,171 2.799 6,291 557 
Frequency 

per 100 km.a 81.3218 0.6716 0.5497 0.2881 0.6198 0.1784 
Mean 

Duration (n) 7.8 8.5 12.3 2ua0 23.9 6.1 


For all voltage classes of transmission lines, adverse weather 
accounts for approximately 70% of sustained forced outages with the 
exception of the 600-799 kV voltage class. For the 600-799 kV 
voltage class, adverse environment accounts for a significant 
percentage of sustained transmission line Outages (¢.g., 32.96%). 


Defective equipment and foreign interference account for another 
approximately 20 percent of the sustained forced outages while the 
remaining primary cause categories account for approximately 10% of 
the sustained forced outages. Adverse environment includes the 
following conditions: salt spray, industrial pollution, humidity, 
corrosion, vibration, fire and flooding. [3] ‘ 


The frequency of transmission line “line-related” sustained forced 
outages classified by voltage class and supporting structure expressed 
in “outages per 100 km per year” is listed in Table III. 
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Fig. 2 Percent of wansmission line “line-related” sustained forced outages stratified by primary cause and voltage :lass 
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TABLE Hi 
FREQUENCY OF LINE-RELATED SUSTAINED FORCED 
OUTAGES CLASSIFIED BY 
VOLTAGE CLASS AND SUPPORTING STRUCTURE 
EXPRESSED IN “outages per 100 km per year” 


VOLTAGE CLASS 
SUPPORTING no 150 200 300 $00 600 
STRUCTURE _-149 _-199 _-299 _ -399 _ -599 ~—_- 799 
WwooD 
SINGLE POLE 0.9725 - - . . * 


WOOD 
DOUBLE POLE 


STEEL 
SELF- 
SUPPORTING 


STEEL 
GUYED 


1.0543 0.6589 0.6147 0.0974 - - 


1.8976 0.3515 0.4565 0.3114 0.5765 


1.8722 . 1.6193 0.2243 0.8399 0.0822 
ALUMINUM 


1.3783 : 0.8205 : 0.5253 


ALUMINUM 
GUYED 


CHAINETTE  - - - 


0.1998 


ALL 
SUPPORTING 1.3218 
STRUCTURES 


0.6718 0.5497 0.2881 0.6198 0.1794 
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The frequency of transmission line outages is the number of 
outages divided by kilometer years which are in tum divided by 100. 
It is interesting to note the variance in the frequency of sustained 
forced outages with increasing voltage classes for a given support 
structure. The primary causes of sustained forced outages for each 
supporting structure tend to follow the distinctive statistica] pattern 
shown in Figure 2. Detailed information on individual structures is 
presented in Reference 2. 


The percentage of sustained transmission line line-related forced 
outages stratified according to the subcomponent which caused a 
forced outage is shown in Figure 3. The highest percentage of line- 
related sustained forced outages for all voltage classes is the 
“insulation system” subcomponent of a transmission line. It is 
important to note: the “insulation system (of a transmission line} 
includes the insulation by the atmosphere and/or by the insulators. 
Hardware is intended to comprise accessories associated with the line 
conductors but not with the ground wires” [3]. 


If] DURATION OF TRANSMISSION LINE 
LINE-RELATED SUSTAINED FORCED OUTAGES 
BY VOLTAGE CLASSIFICATION AND SUPPORTING 
STRUCTURE 


The mean and median duration of line-rejated sustained 
transmission line forced outages classified by supporting structure 
and voltage class are listed in Table IV. Note the significant 
differences in the mean duration of sustained forced outages for a 
given supporting structure and for a given voltage class. The 
important point to not from Table IV is the significant variance 
between the mean and median line-related sustained forced outage 
duration levels. The mean value is particularly sensitive to lengthy 
forced outages which results in the mean value being significantly 
greater than the median value. 
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Fig. 3 Percent of transmission line “line-related” sustained forced outages stratified by subcomponent and voltage class 
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TABLE IV 
THE MEAN AND MEDIAN DURATION OF 
LINE-RELATED S$ US TAINED FORCED OUTAGES 
CLASSIFIED BY VOLTAGE CLASS AND SUPPORTING 
STRUCTURE EXPRESSED IN HOURS 


VOLTAGE CLASS 
SUPPORTING 0 150 200 300 500 600 


wooD 

SINGLE 10.8 - - - - - 

POLE {0.31) 

wooD 

DOUBLE 84 864.0 9.8 - = a 

POLE (0.10) (0.22) (0.12) 

STEEL 

SELF- 6.1 27.2 W.7 22.4 145 6.3 

SUPPORTING (0.08) (0.16) (0.15) (0.21) (0.10) (0.05) 

STEEL WW - 19.1 1 42.4 1.9 

GUYED {0.05) (0.17) (0.21) (0.22) = (0.15) 

ALUMINUM 

SELF- 8.7 : 43.7 : 64.9 

SUPPORTING (2.26) (0.05) (0.79) 

ALUMINUM . . 7.4 i 

GUYED (1.13) 

CHAINETTE . - : - . 9.0 

(0.24) 

ALL Oe eg Re yt oe 

SUPPORTING 7.8 a5 123 24.0 23.9 6.1 

STRUCTURES (0.10) (0.22) (0.15) (0.20) {0.15} (0.08) 


NOTE: Values not enclosed in brackets represent the average value 
while those values enclosed in brackets represent the median duration of 
sustained forced outages. 
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IV TRANSMISSION LINE “LINE-RELATED” 
TRANSIENT FORCED OUTAGES 


A “transient forced outage refers to a transmission line forced 
outage the duration of which is less than one minute and is, therefore, 
recorded as zero. It covers only automatic recloser events”. The 
actual duration of transmission line transient forced outages can be 
estimated from power line monitors but the process is prohibitively 
expensive and problematic since the duration of the transient forced 
outage is dependent upon the location of the power line monitor with 
respect to the origins of the transient forced outage. The tage of 
transmission line line-related transient forced outages stratified 
according to the primary cause of forced outages and voltage 
classification is shown in Figure 4. A summary of transmission line 
statistics for line-related transient forced outages is shown in Table V. 


TABLE V 
SUMMARY OF TRANSMISSION LINE STATISTICS FOR 
LINE-RELATED TRANSIENT FORCED OUTAGES 


VOLTAGE CLASS 


110 150 200 300 506 600 

Kilometer 

Years 

(km.a)} 215,547 10,867 180,449 46,160 42431 50,998 
Numer of 

Outages 2,493 12 1,031 31 904 35 
Frequency 

par100km.a 1.1566 0.1104 0.5714 0.0671 2.1305 0.0686 


The percentage of transmission line “line-related” transient forced 
outages stratified by subcomponent and voltage class is shown in 
Figure 5. Similar to sustained forced outages, the insulation system of 
a transmission line accounts for approximately 90% of all transient 
forced outages for all transmission line voltage classes. Transmission 
line conductor and ground wire subcomponents represent a very small 
percent of the sustained forced outages. 
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Fig. 4 Percent of transmission line “line-related” transient forced outages stratified by primary cause and voltage class 
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TRANSMISSION LINE “LINE-RELATED" TRANSIENT FORCED OUTAGES 
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Fig. 5 Percent of transmission line “line-related” transient forced outages stratified by subcomponent and voltage class 


The major primary cause of transient forced outages is “adverse 
weather which accounts for approximately 90 percent of all 
transient forced outages for all voltage classes except the 600-799 
kV class where adverse weather is the dominant cause. The 
statistical pattern of primary causes of transient forced outages and 
sustained forced outages is similar. 


The frequency of transmission line transient “line-related” 
forced outages classified by voltage class and supporting structure 
expressed in “outages per 100 km per year” is listed in Table VI. 
The frequency of transient forced outages varies significantly for a 
given supporting structure and for a given voltage class similar to 
Table II for sustained forced outages. Figure 6 reveals the 


frequency of transient and sustained forced outages for various 
voltage classes. 
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Fig. 6 Frequency of line-related sustained and transient forced 
outages of transmission lines by voltage classification 
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TABLE VI 
FREQUENCY OF LINE-RELATED TRANSIENT FORCED 
OUTAGES CLASSIFIED BY 
VOLTAGE CLASS AND SUPPORTING STRUCTURE 
EXPRESSED IN “outages per 100 km per year" 


VOLTAGE CLASS 
SUPPORTING u0 150 200 300 500 600 
STRUCTURE 


wooD 


SINGLE 1.2619 - - - - - 
POLE 


wooD 
DOUBLE 1.0498 0.1456 0.7073 0.0 - 
POLE 


STEEL 


SELF- 1.2743 0.0502 0.5259 0.0764 2.0363 0.1390 
SUPPORTING 


STEEL 
GUYED 0.4309 + 0.2816 0.0408 2.8263 0.0110 


ALUMINUM 


SELF- . . 0.8368 . 1.3133 
SUPPORTING 


ALUMINUM 
GUYED 4.2912 : - - . 


CONCRETE 4.6875 - - < 


ALL 


SUPPOATING 1.1566 0.1104 0.5714 0.0671 2.1305 0.0686 
STRUCTURES 
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V TRANSMISSION LINE “TERMINAL-RELATED” 
FORCED OUTAGES 


A summary of transmission line statistics for terminal-related 
sustained forced outages is shown in Table VIL. It is important to note 
in Table VII the significant difference between the mean and median 
duration of terminal-related sustained force outages revealing the 
impact of lengthy outage duration levels on the mean value. 


TABLE VU 
SUMMARY OF TRANSMISSION LINE STATISTICS FOR 
TERMINAL-RELATED SUSTAINED FORCED OUTAGES 


VOLTAGE CLASS 
110 150 200 300 500 600 


Kilometer 

Years 

(km.a) 9,583 627 5,263 1,147 606 539 
Number of 

Outages 1,574 82 991 150 186 153 


Total Time (h) 16,352 619 8,616 3.889 8,887 3,949 


Frequency 
per100km.a 0.1642 0.1307 0.1883 0.1307 0.3069 0.2394 


Mean 

Duration (h) 10.4 7.0 8.7 25.9 47.8 25.8 
Median 0.05 0.30 0.22 0.37 0.64 1.70 
Duration (n) 


rim 
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The percent of transmission line “terminal-related” forced oulages 
classified by their primary cause and voltage level is shown in Figure 
7. Note that the statistical outage patterns of the primary causes of 
“terminal-related” forced outages is significantly different than “line- 
related” sustained and transient forced outages. Defective equipment 
for all voltage classes is the dominant cause of “terminal-related” 
forced outages, Damage equipment includes some of the following 


categories [2]: 

- deterioration due to age 

+ incorrect manufacturing design 

- incorrect manufacturing materials 

~ incorrect manufacturing assembly 

+ lack of maintenance 

Research is required to investigate why defective equipment is the 
dominant cause for transmission terminal-related forced outages for all 


voltage categories and can the impact of equipment failures be reduced 
economically. Some of the following questions could be posed: 


(1) Are the equipment reliability design levels too low and what are 
these levels set by the manufacture and utilities? 


(2) Is the equipment subjected to rigorous compliance testing during 
commissioning prior to being accepted? 


(3) Is the equipment maintained adequately? 
(4) Is the equipment installed correctly in the field? 

The “human element” is the second most dominant causes of 
forced outages while adverse weather is significantly less for all 


voltage classes with the exception of the 150-199 kV voltage class. 


The category “human element” includes some of the following 
issues(2]: 


ee 
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Fig. 7 Percent of tansmission line “terminal-related” sustained forced outages stratified by primary cause and voltage class 
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- incorrect system records or diagrams 

- incorrect use of equipment 

- incorrect construction, installation or maintenance 
+ incorrect protection setting 

- switching error 

+ testing 

+ incorrect circuit labelling 


- deliberate or accidental damage by employees or utility 
comtractors 


Research is required to define why the human element is a 
significant primary cause. Questions concerning the adequacy of 
training and adaptation to new technologies can be posed. 
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The percent of transmission line “terminal-related” forced outages 
classified by their voltage class and subcomponents is shown in 
Figure 8. With reference to Figure 8, “control and protection 
equipment” account for the largest percent of known sustained forced 
outages for all voltage classes, Several questions can be posed on the 


dominance of “control and protection equipment” causing termnal- 
related forced outages, They are: 


(1) Is the “new” technology a problem"? 


(2) Are the setting too complex resulting in conflicting protection 
control decisions and subsequent failures? 


(3) Is the controt and protection equipment rigorously tested pnor to 
instaljation and maintained adequately during its service life? 


The “unknown” category was the largest factor for the lower 
voltage categories and significantly less at the upper voltage levels. 
For the 600-699 kV voltage class, the disconnect subcomponent was 
a significant factor. The disconnect and potential device 


subcomponents accounted for approximately 10 to 30 percent of 
terminal-related forced outages. 
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Percent of transmission line “terminal-related” sustained forced outages stratified by subcomponent and voltage class 
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VI CONCLUSIONS 


This paper has present a summary of the Canadian Electrical 
Association’s transmission equipment statistics in graphical fonn to 
reveal the line-related and terminal-related forced outage performance 
characteristics of ransmission lines, Detailed statistics on other major 
component of the transmission equipment (i.¢., cable, transformer 
bank, circuit breaker, synchronous compensator, static compensator, 
shunt reactor bank, shunt capacitor bank and series capacitor bank) 
are beyond the scope of this paper but are contained in Reference 3. 


The frequency and duration of transmission line forced outages 
classified by their supporting structures was presented to reveal the 
variance jn the performance of different supporting structures (¢.g., 
wood, steel, etc.) for various voltage levels and the possible variance 
in using a single index for a specific voltage class. The paper 
revealed the significant difference between the mean duration of 
transmission line forced outages and the median revealing the impact 
of lengthy transmission line outages on the mean value. For all 
voltage classifications, fifty percent of the time the duration of 
sustained forced outages was Jess than 15 minutes. 


The primary cause of transmission line sustained forced outages 
was “adverse weather” and accounted for approximately 70% of the 
sustained forced outages. The insulation system subcomponent 
accounted for the largest percentage of sustained forced outages. 
These results provide the research base necessary to improve 
transmission line design characteristics. The primary cause and major 
subcomponent that resulted in transient forced outages were simular to 
the sustajned forced outage characteristics (i.¢., approximately 90% of 
the wansient forced outages were caused by “adverse weather” and 
were attributed to the “insulation system”. 


The primary cause of transmission line “terminal-related” forced 
outages was “defective equipment” followed by “human element”. 
The “control and protection equipment” accounted for the highest 
percentage of terminal-related forced outages. 


These findings provide a knowledge base which is essential to 
analyse and evatuate the performance of transmission line with the 
objective of maximizing their reliability performance. For example, as 
transmission lines age how will these statistics change and at what 
point in time and at what level of performance degradation will it be 
necessary to replace these facilities? 


A question often posed is: ‘how good are those old transmission 
line surveys? Answer: they are pretty good, don’t throw them away, 
they are required for trending analysis. The 1988-92 survey results 
were compared with the 1978-83 survey results for line-retated and 
terminal-related forced outages. The same forced outage patterns 
were dominate in both surveys. A simple comparison is shown in 
Table VII] where it is clear that the variance is small for terminal- 
related forced outages while line-related forced outages the variance is 
significantly larger (i.¢., note }ower levels in the latest survey). 


TABLE VIII 
SUMMARY OF 1988-92 AND 1978-83 FREQUENCY OF LINE- 
RELATED AND TERMINAL RELATED FORCED OUTAGES 


VOLTAGE CLASS 
110 150 200 300 S00 600 


Frequency of Jine-related forced outages (per 100 km year) 


(1998-92) 1.3218 0.6718 0.5497 0.2881 0.6198 0.1784 
(1978-83) 2.4942 NA 0.9096 0.4444 1,0036 0.3551 
Frequency of terminal-related forced outages (per 100 km year) 
(1998-92) 0.4642 0.1307 0.1883 0.1307 0.3069 0.2394 
(1978-83) 0.1715 NA 0.2274 0.1596 0.2275 0.4895 
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Abstract— Frequent forced outages of transmission equipment 
can significantly affect the performance of industrial and com- 
mercial power systems and the processes they control. Historical 
transmission reliability data provides the ability to predict the 
performance of various transmission line configurations and 
assess the economic impact of forced outages on industrial and 
commercial power systems. The prediction methodologies are 
presented in IEEE Std. 493 (i.e., IEEE Gold Book) {1}. This paper 
will present a summary of the Canadian Electrical Association’s 
Equipment Reliability Information System [2], [3] statistics on 
the forced outage performance characteristics of transmission 
equipment (i.e., transformers, circuit breakers, cables, etc.) for 
Canadian utilities for the period 1988-1992. The paper will reveal 
the structure of the data base and present relevant summary data 
(ie., the frequency and duration of forced outages) necessary for 
the application of these reliability methodologies. A knowledge 
of the primary causes of the major equipment forced outages as 
to whether the outages are primanily due to the subcomponents 
of the major equipment or to its terminal equipment is essential 
for designing, operating and maintaining a reliable transmission 
system. This paper will discuss and identify for each major equip- 
ment the primary subcomponent (e.g., transformer windings) 
and the terminal equipment (e.g., auxiliary equipment) which 
dominated the forced outage statistics of the major equipment 
for the five year period. 


Index Terms—Transmission, equipment, reliability, CEA, fail- 
ure. 


I. INTRODUCTION 


“In 1975, the Canadian Electrical Association (CEA) 
adopted a proposal to create a facility for centralized 
collection, processing and reporting of reliability and 
outage statistics for electrical generation, transmission and 
distribution equipment. To coordinate the development of this 
Equipment Reliability Information System CEA constituted 
the Consultative Committee on Outage Statistics. In 1978. the 
transmission stage of the information system was implemented 
when Canadian utilities began supplying data on transmission 
equipment in accordance with the Instruction Manual for 
Reporting Component Forced Outages of Transmission 
Equipment” [2]. 

The performance of transmission lines can be viewed from 
many different perspectives. To understand the variance in 
these perspectives, it is necessary to define the data base 
structure of transmission line performance data. The structure 

Paper ICPSD 95-15, approved by the Power Systems Engineering Com- 
mittee of the IEEE Industry Applications Society for presentation at the 1995 
Industrial & Commercia] Power Systems Technical Conference, San Antonio, 
TX, May 7-11. Manuscript released for publication May 23, 1996. 
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for the CEA mansmission equipment forced outage data base 
is illustrated in Fig. 1, 

With reference to Fig. 1, the frequency and duration of major 
equipment forced outages for each major component presented 
in this paper will be stratified by voltage classification which 
will further be divided into two categories, namely; 

1) All integral subcomponents of the major equipment 

2) All terminal equipment of the major equipment. 

For each major component, the dominant subcomponent(s) 
(e.g.. on-load tap changer) and dominant major equipment 
terminal failures (e.g.. control and protection equipment) will 
be presented. A presentation of all the other subcomponent 
and terminal equipment failure statistics is beyond the scope 
of this paper but can be obtain in {3}. Two reliability indices 
are presented for the duration of equipment forced outages, 
namely, the mean and mediam. For the majority of transmis- 
sion system equipment forced outages. there is a significant 
difference between the mean and the mediam indicating the 
skewness of the underlying distributions and the sensitivity 
of the mean to lengthy outages. Given the frequency and 
duration of forced transmission equipment outage statistics, 
the reliability methodologies presented in IEEE Std. 493 (ie., 
IEEE Gold Book) can be used to predict the performance of 
transmission system operating configurations and assess their 
impact on industrial and commercial facilities. 

Historical transmission system equipment forced outage 
statistics provide key answers to often posed questions: 

1) What are the prime causes of transmission system equip- 

ment forced outages? 

2) Does the frequency of transmission system equipment 
forced outages vary significantly between its internal 
subcomponent and its associated terminal equipment? 

3) How long are transmission system equipment forced 
outages? 

4) What are the dominant subcomponent and terminal 
equipment outages which significantly degrade the per- 
formance of a major piece of transmission system equip- 
ment? 


II. TRANSFORMER BANKS 


In the Canadian Electrical Association's (CEA) “Equipment 
Reliability Information System,” two types of transformer 
banks are considered, namely “one three phase element” and 
“three single-phase elements.” The subcomponents of these 
transformer bank is divided into the following components: 


1} Bushing (Including CT’s). 
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TRANSFORMERS TRANSMISSION CIRCUIT CABLE SHUNT SERIES 
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Fig. 1. Canadian Electrical Association transmission equipment data base structure 
110-149kV  On-load Tap Changer 21.10% 
2) Windings. 150-199kV Auxiliary Equipment 39.33% 
3) Core. 200-299 kV Cooling Equipment 15.91% 
4) Leads. 300-399 kV On-load Tap Changer 26.32% 
5) Cooling Equipment. 500-599 kV Cooling Equipment 22.22% 
6) Auxiliary Equipment. 600-799 kV —- Windings 26.67% 
7) Other. Bushings Gncluding CT.,’s) 20.00% 
The identified terminal equipment categories for transform- Cooling Equipment 20.00% 
eve are: re kV On- pan Tap Changer ee 
k - Tap Changer ; 
1} Control and Protection Equipment. maid Wee: =P pipe 
a Arrester. 600-799 kV Cooling Equipment 26.51% 
us. 
4) Disconnect. The dominant known cause(s) of {terminal equipment 


5) Circuit Switcher. 

6) Current Transformer (Free Standing). 

7) Potential Devices. 

8) Motor-Operated Ground Switch, 

9) Other. 

10) Unknown. 

The frequency and duration of all integral subcomponents 
and all terminal equipment forced outages for one three phase 
element transformer banks are listed in Table I. 

The dominant known cause(s) of subcomponent forced 
outages for single three phase transformer banks for each 
voltage class and their percentage of the total frequency of 
subcomponent forced outages are: 


130-149kV = On-load Tap Changer 28.33% 
150-199 kV Auxiliary Equipment 44.40% 
200-299 kV On-load Tap Changer 33.13% 
300-399 kV On-load Tap Changer 25.00% 
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forced outages for single three phase transformer banks for 
each voltage class and their percentage of the total frequency 
of terminal equipment forced outages are: 


110-149 kV Control & Protection Equipment 42.06% 
150-199kV Control & Protection Equipment 75.00% 
200-299 kV Control & Protection Equipment 42.37% 
300-399 kV Control & Protection Equipment 55.55% 
500-599 kV Control & Protection Equipment 37.04% 
600-799 kV Control & Protection Equipment 50.00% 


The frequency and duration of all integral subcomponents 
and all terminal equipment forced outages for three sin- 
gle—phase element transformer banks are listed in Table 
. ; 

The dominant known cause(s) of subcomponent forced 
outages for three single-phase transformer banks for each 
voltage class and their percentage of the total frequency of 
subcomponent forced outages are: 
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FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT 
Forcup OUTAGES TRANSFORMER Bank ONE THREE PHaSE ELEMENT (1988-1992) 


Le rae | ALL INTEGRAL SUSCOMPONENTS ALL TERMINAL EQUIPMENT 


VOLTAGE | FREQUENCY MEAN 
CLASS occurrences | DURATION 
per year (hours) 


To as WwW] 0.0330 | 5004 | 1968 | 00% | 280 | 305 | 
poosio [13 [ove | d.02e7 


TABLE U 


MEDIAN [FREQUENCY MEAN MEDIAN 
DURATION Joccurrences | DURATION } DURATION 
{hours} per year (hours) (hours) 


0.0772 


FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT 
FORCED OUTAGES TRANSFORMER BANK THREE SINGLE PHASE ELEMENTS (1988-1992) 


I. di ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


VOLTAGE | FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEOIAN 
CLASS occurrences | DURATION ] CURATION | occurrences | DURATION }| DURATION 
per year (hours) (hours) per year {hours} (hours) 


116 - 149 kV 0.0372 173.2 
iso - 198 kv] 0.7692 


fao0 - 299 wv] 0.0422 | 62.2 


The dominant known cause(s) of terminal equipment 
forced outages for three single-phase transformer banks for 


INTERRUPT-}] FREQUENCY 
ING occurrences | DURATION 
MEDIUM per year (hours) 
BULK on | o.0311 | 1658 | 


MINIMUM OIL[ 0.0216 | 466.0 
AIR BLAST 0.0402 171.7 


SF6 
LIVE TANK 


vacuum [| 


0.0485 1,157.4 


TABLE III 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CirCUT BREAKERSILO- 149 KV (1988-1992) 


MEDIAN [FREQUENCY MEAN MEDIAN 
DURATION | occurrences | DURATION | DURATION 
(hours) per year (hours) {hours) 


187 | 0.0822 [208 | 227 | 


ALL INTEGRAL SUSCOMPONENTS ALL TERMINAL EQUIPMENT 


MEAN 


0539319 
0.0476 


UL Circurr BREAKERS 
In the Canadian Electrical Association’s (CEA) “Equipment 


each voltage class and their percentage of the total frequency Reliability Information System,” the following types of circuit 
of terminal equipment forced outages are: 


110-149 kV 
150-199 kV 
200-299 kV 
300-399 kV 
500-599 kV 
600-799 kV 
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Control & Protection Equipment 
Control & Protection Equipment 
Control & Protection Equipment 
Control & Protection Equipment 
Control & Protection Equipment 
Control & Protection Equipment 


31.33% 
41.16% 
61.54% 
60.00% 
55.74% 
46.15% 


breakers are considered: 


1) Bulk Oil. 

2) Minimum Oil. 
3) Atr Blast. 

4) SF6-Live Tank. 
5) Vacuum. 

6) Other, 

7) SF6-Dead Tank. 
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TABLE IV 
FREQUENCY AND DURATION OF ALL. INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS 150-199 KV (1988-1992) 


Pm et ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


BULK OiL 0.0760 
MINIMUM [0.0295 | 107.9 
AIR BLAST 0.0264 


SF6 
LIVE TANK 
SF6 
0.0289 45. 


INTERRUPT- | FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN 
ING occurrences | DURATION] OURATION | occurrences| DURATION | DURATION 
MEDIUM per year {hours} {hours} per year {hours) (hours) 


0.0780 [58 | 067 
0 


00a | 3078 | 3.10 


TABLE V 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS 200-299 K¥ (1988-1992) 


[ ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


INTERRUPT- 
ING 
MEDIUM 


BULK OIL 


AIR BLAST 0.1056 


FREQUENCY 
occurrences 
per year 


MEAN 


(hours) 


8.0172 


The subcomponents of each type of circuit breaker are 
divided into the following components: 

1) Bushing (Including C.T.'s). 

2) Operating Mechanisms. 

3) Interrupters. 

4) Insulation System (Support Insulators). 

5) Resistors or Grading Capacitors. 

6) Interrupting Medium. 

7) Auxiliary Equipment. 

8) Other. 

The identified terminal equipment categories for each type 
of circuit breaker are: 

1) Control and Protection Equipment. 

2) Surge Arrester. 

3) Bus. 

4) Disconnect. 

5) Circuit Switcher. 

6) Current Transformer (Free Standing). 

7) Potenual Devices. 

8) Other. 

9) Unknown. 


The frequency and duration of all integral subcomponents 
and all terminal equipment forced outages of each type of 
circuit breaker for each voltage class are listed in Tables 
TO-IX, respectively. 

The dominant known cause(s) of subcomponent equip- 


Copyright © 1998 IEEE. Ail rights reserved. 


MEDIAN 
DURATION] QURATION 
(hours) 


FREQUENCY 
occurrences 
per year 


MEAN 
DURATION 
{hours) 


MEDIAN 
DURATION 
{hours) 


ment forced outages for 110-149 kV circuit breakers and 
the percentage of the total frequency of subcomponent forced 
outages are: 


42.74% 
18.45% 


Operating Mechanisms 
Auxiliary Equipment 


The dominant known cause(s) of terminal equipment 
forced outages for 110-149 kV circuit breakers and the 
percentage of the total frequency of terminal equipment forced 
outages are: 


Control and Protection Equipment 60.59% 


The dominant known cause(s) of subcomponent equip- 
ment forced outages for {150-199 kV circuit breakers and 
the percentage of the total frequency of subcomponent forced 
outages are: 


Bushings 
Auxiliary Equipment 


20.00% 
18.45% 


The dominant known cause(s) of terminal equipment 
forced outages for 150-199 kV circuit breakers and the 
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TABLE V1 
FREQUENCY AND DURATION OF ALL ENXTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS 300-399 KV (1988-1992) 


PF ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


INTERRUPT- | FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN 
ING occurrences | DURATION] DURATION | occurrences | DURATION | OURATION 
MEDIUM ‘ per year {hours} (hours) per year (hours) (hours) 


BULK OIL 0.1000 Poe 
MINIMUM OIL] 0.0116 ; 0.0466 274.6 


Ain BLAST | 0.0885 Xe 
SF6 0.0132 
LIVE TANK 


SF6 
DEAD TANK 
TABLE VII 


FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OuTaGes CIRCUIT BREAKERS 500-599 KV (1988-1992) 


a4 ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


INTERRUPT- |] FREQUENCY MEAN MEDIAN FREQUENCY MEAN MEDIAN 
ING occurrences | OURATION] OURATION | occurrences | DURATION | DURATION 
MEDIUM per year (hours) (hours) per year (hours) (hours) 
BULK OIL 0.0500 


MINMUM OW] | 
AIR BLAST 0.0849 


SFE 
LIVE TANK 


SF5 
DEAD TANK 


TABLE VIII 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL. TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS 600-699 KV (1988-1992) 


a ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


INTERRUPT- | FREQUENCY MEAN MEDIAN FREQUENCY 
ING occurrences {DURATION| DURATION | occurrences 
MEDIUM per year (hours) {hours} per year 


22.28 


fe a2 <3. ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


INTERRUPT- | FREQUENCY MEAN MEDIAN [FREQUENCY MEAN MEDIAN 
ING occurrences } DURATION] DURATION | occurrences | DURATION | DURATION 
MEDIUM per year (hours) (hours) per year {hours) (hours) 


Te ae eT A a a aE 
AIR BLAST PEED 


SF6 0.4158 722.3 722.27 
DEAD TANK 


percentage of the total frequency of terminal equipment forced The dominant known cause(s) of subcomponent equip- 
ment forced outages for 200-299 kV circuit breakers and 


tn tela the percentage of the total frequency of subcomponent forced 
outages are: 

Control and Protection Equipment 17.65% 

Disconnect 20.00% 
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TABLE EX 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CIRCUIT BREAKERS (1988-1992) 


VOLTAGE 
CLASS 


FREQUENCY 
occurrences 
per year 


OURATION 
{hours) 
50-199 KV 

-"309_ kV 
00 - 399 WV 


500 - 599 kV 0.0814 


00 - 799 kV 1315.4 


36.50% 
23.99% 


Operating Mechanisms 
Interrupting Medium 


The dominant known cause(s) of terminal equipment 
forced outages for 200-299 kV circuit breakers and the 
percentage of the total frequency of terminal equipment forced 
outages are: 


67.89% 
13.71% 


Control and Protection Equipment 
Bus 


The dominant known cause{s) of {subcomponent equip- 
ment forced outages for {300-399 kV circuit breakers and 
the percentage of the total frequency of subcomponent forced 
outages are: 


48.80% 
32.20% 


Operating Mechanisms 
Interrupting Medium 


The dominant known cause(s) of {terminal equipment 
forced outages for {300-399 kV circuit breakers and the 
percentage of the total frequency of terminal equipment forced 
outages are: 


Control and Protection Equipment 62.12% 


The dominant known cause(s) of {subcomponent equip- 
ment forced outages for {500-599 kV circuit breakers and 
the percentage of the total frequency of subcomponent forced 
outages are: 


Operating Mechanisms 57.55% 

Tbe dominant known cause(s) of terminal equipment 
forced outages for 500-599 kV circuit breakers and the 
percentage of the total frequency of terminal equipment forced 
outages are: 


63.63% 
22.73% 


Control and Protection Equipment 
Bus 


The dominant known cause(s) of {subcomponent equip- 
ment forced outages for {600-699 kV circuit breakers and 
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ALL INTEGRAL SUBCOMPONENTS 


MEDIAN 
DURATION 
(hours) 


0.0344 187.4 | 18.35 | 


ALL TERMINAL EQUIPMENT 


FREQUENCY MEAN MEDIAN 
occurrences | DURATION | DURATION 
per year {hours} (hours) 


145.2 
[202] 2.70 


0.0443 
0.1053 


709.9 
a6 [5.98 | 


0.1521 
0.41174 


the percentage of the total frequency of subcomponent forced 
outages are: 


51.99% 
22.73% 


Operating Mechanisms 
Interrupting Medium 


The dominant known cause(s) of {terminal equipment 
forced outages for {600-699 kV circuit breakers and the 
percentage of the total frequency of terminal equipment forced 
outages are: 


40.34% 
28.57% 


Control and Protection Equipment 
Disconnect 


, IV. CABLES 


In the Canadian Electrical Association's (CEA) “Equip- 
ment Reliability Information System,” the subcomponents of 
cable related forced outages are divided into the following 
subcomponents: 

1) Pothead. 

2) Joints. 

3) Conductor. 

4) Insulation System. 

5) Auxiliary Equipment. 

6) Other. 

The identified terminal equipment categories for cable re- 
lated forced outages are: 

1) Control and Protection Equipment. 

2) Surge Arrester. 

3) Bus. 

4) Disconnect. 

5) Circuit Switcher. 

6) Current Transformer (Free Standing). 

7) Potential Devices. 

8) Other. 

9) Unknown. 

The terminal equipment categories for cable related forced 
outages is identical to circuit breakers. 

The frequency and duration of cable related forced outages 
for each voltage class is shown in Table X. 

The dominant known cause(s) of {subcomponent forced 
outages for cable related forced outages for each voltage class 
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TABLE X 
FREQUENCY AND DURATION OF ALL INTEGRAL SLUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES CABLE (1988-1992) 


ae CABLE-RELATED FORCED OUTAGES |TERMINAL RELATED FORCED OUTAGES 


VOLTAGE | FREQUENCY 
CLASS per 100 km 
per year 


TERE 


gota WW] 00 | 
200-799 KV] 0.6003 


FREQUENCY MEAN MEDIAN 
per 100 km | DURATION | OURATION 
per year {hours} {hours) 


‘00 
300 - 399 kV 13.3333 
500-599 kv] 0.2602] 


TABLE XI 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQuiPMENT Forcep OUTAGES SHUNT REACTOR BANK (1988-1992) 


aaa ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


VOLTAGE {| FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN 
CLASS occurrences URATION | DURATION | occurrences| DURATION | DURATION 
(hours) 


per year 


(hours) per year (hours) 


fie to toa ww] aoive | a1 | 27 | 2.0362 
Posass [96.0 | 8.07 | 2.0000 


00 - 299 kV 4.0000 


70000 


00-799 Kv] 4.0009 #208 


TABLE XII 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES SHUNT REACTOR BANK (1988-1992) 


| ALL INTEGRAL SUBCOMPONENTS ALL TERMINAL EQUIPMENT 


VOLTAGE | FAEQUENCY MEAN MEDIAN {FREQUENCY MEAN MEDIAN 
CLASS occurrences | DURATION] DURATION | occurrences] DURATION | OURATION 
per year (hours) (hours) per year (hours) (hours) 


150-98 KV] 0.0 —| 
200 - 299 kV 0.0800 


| oo | 


0 


TABLE XU 
FREQUENCY AND DURATION OF ALL INTEGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES SHUNT CAPACITOR BANK (1988-1992) 


and their percentage of the total frequency of subcomponent 
forced outages are: 


110-149 kV Insulation System 58.18% 
150-199 kV No forced outages occurred 0.0% 
200-299 kV Insulation System 40.00% 
300-399 kV Insulation System 50.00% 
500-599 kV Insulation System 100.00% 


The dominant known cause(s) of {terminal equipment 
forced outages for cable related forced outages for each 
voltage class and their percentage of the total frequency of 
terminal equipment forced outages are: 


474 


110-149 kV Control & Protection Equipment 40.00% 


Disconnect 37.14% 
150-199 kV No forced outages occurred 0.0% 
200-299 kV Unknown 50.00% 


300-399 kV No forced outages occurred 0.0% 
§00-599 kV Control & Protection Equipment 75.00% 


The frequency and duration of forced outages for the 
following equipment are listed in their respective Tables: 

1) Synchronous Compensator Table XI. 

2) Shunt Reactor Bank Table XT. 

3) Shunt Capacitor Bank Table XIIL 

4) Series Capacitor Bank Table XIV. 


Details of the subcomponents and terminal equipment 
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. TABLE NIV 
FREQUENCY AND DURATION OF ALL INTFGRAL SUBCOMPONENTS AND ALL TERMINAL EQUIPMENT FORCED OUTAGES SERIES CAPACITOR BANK (1988-1992) 


0.0067 
10 149 eV 
200-299 WI 00 | oo 


500 - 599 kV 41.0 


600 - 799 kVf —o.zez2_ | | 


forced outages for the above four equipment categories are 
not provided in this paper due to the scope of the paper, but 
these details can be found in [3]. 


V. CONCLUSIONS 


This paper has presented a summary of the Canadian Electri- 
cal Association's “Equipment Reliability Information System 
Forced Outage Performance of Transmission Equipment” of 
the period 1988-1992. The paper presented the frequency and 
duration (i.e., mean and median) of forced outages of the 
following major equipment by voltage class: 

!) Transformer Banks. 

2) Circuit Breakers. 

3) Cables. 

4) Siatic Compensator, 

3) Shunt Reactor Banks. 

6) Shunt Capacitor Banks. 

7) Senes Capacitor Banks. 

For all the major equipment categories, the forced out- 
age statistics were divided into “all integral subcomponents” 
and “all terminal equipment” categories to provide a clear 
distinction between the major causes of transmission system 
equipment. For each major equipment category, the dominant 
subcomponent and dominate terminal equipment which con- 
tributed the most to the frequency of the major equipment 
forced outages was identified. 

For transmission banks. the subcomponent and terminal 
equipment frequency of forced outages were of the same 
order of magnitude for the on-three phase element trans- 
former bank and the three-single-phase element transformer 
bank. In the majority of cases, for both types of transformer 
banks, the mean duration was significantly greater than the 
median for ali voltage classes. The dominant transformer bank 
subcomponent forced outages were “On-load Tap Changer” 
and the “Avxiliary Equipment” for all voltage classes. The 
dominant transformer terminal equipment forced outages was 
the “Contro! and Protection Equipment” for all voltage 
categories, 

For circuit breakers, the higher the voltage class, the higher 
the frequency of forced outages for subcomponent and ter- 
minal equipment forced outages. The mean duration for sub- 
component and terminal equipment forced outages was sig- 
nificantly higher than the median for both categories. The 
dominant circuit breaker subcomponent forced outages were 
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ALL INTEGRAL SUBCOMPONENTS 


VOLTAGE | FREQUENCY MEAN MEDIAN |FREQUENCY MEAN MEDIAN 
CLASS occurrences | DURATION | DURATION }occurrences| OURATION | DURATION 
per year (hours) (hours) per year (hours) (hours) 


193.27 


ALL TERMINAL EQUIPMENT 


a 
a7i__| 13.60 
[~z6000 | _ aes [van | 
[on [100] 10.00 _] 


the “Operating Mechanisms” and the “interrupting Medium.” 
The dominant circuit breaker terminal equipment forced out- 
age category was “Control and Protection Equipment.” 

For cables the terminal related forced outages were signifi- 
cantly less than the cable related forced outages. The dominant 
cable subcomponent forced outage was the “Insulation Sys- 
tem” and the dominant terminal related forced outage was 
again “Contrel and Protection Equipment.” 

The frequency and duration of transmission equipment 
forced outage statistics presented in this paper provides the 
basis for analyzing transmission system configurations and 
assessing the impact of forced outages on industrial and 
commercial facilities (e.g., voltage sags at a given physical 
location, the cost of power outages, the optimum operating 
configuration, etc.). The methodologies for performing these 
studies are found in IEEE Std. 493 (IEEE Gold Book). 


ACKNOWLEDGMENT 


The author would like to thank the following members 
of the Canadian Electrical Association: M. Oprisan, E. M 
Ezer, and R. A. De! Bianco tor their invaluable discussions 
and assistance in providing me with the CEA Equipment 
Reliability Information System reports on Forced Outage 
Performance of Transmission Equipment and the Instruction 
Manuals for Reporting. 


REFERENCES 


{1} Recommended Practice for the Design of Reliable Industrial and Com- 
mercial Power Systems, TEEE Std. 493, (IEEE Gold Book). 
Instruction Manual For Reporting Component Forced Outages of Trans- 
mission Equipment, Canadian Electrical Association, Suite 1600, One 
Westmount Square, Monueal, Quebec, H3Z 2P9. 

{3] Report: Forced Outage Performance of Transmission Equipment for the 
Period Jan. 1, 1988-Dec. 31, 1992, Canadian Electrical Association. 
Suite 1600, One Westmount Square, Montreal, Quebec, H3Z 2P9. 

{4] An IEEE Survey on US and Canadian Overhead Transmission Outages 
at 250 kV and Above, Data Analysis Task Force, Working Group on 
Statistics of Line Outages, General Systems Subcommittee, Transmis- 
sion & Distribution committee, JEEE Trans. Power Delivery, vol. 9, no 
1, pp. 21-39, Jan. 1994. 

(S] IREE Task Force on Line Design Characteristics, Working group on 
statistics of Line Outages, An DEEE Survey of Transmission Line 
Population and Design Characteristics, /EEE Trans. Power Deliver 
vol. 6, pp. 1934-1945, Oct, 1991. 

(6) DEEE Standard Terms for Reporting and Analyzing Outage Occurrences 
and Outage States of Electrical Transmission Facilities, EEE Sid. 859- 
1987. 

[7] IEEE Task Force on the Requirements tor the Survey of Line Outage 
Data, IEEF AT&D Working Group on Statistics of Line Outages 


(2 


475 


{8] 


{9] 


[10] 


11] 


{12] 


{EEE 
Std 493-1997 


Back ground, Status and Prospects, in Proc. /4th INTER-RAM Conf. Elec. 
Power Industry, Toronto, Ontario, May 26-29, 1987, pp. 255-262. 

M. A. Baribeau, C. T. Driscoll, and D. McGillis, “The Canadian elec- 
trical association’s equipment reliability information system,” in Proc. 
Third Int. Conf. Reliability of Power Supply Systems, TEC conference 
publication no. 225, London, UK, Sept. 19-21, 1983, pp. 150-154. 

M. A. Baribeau and D. McGillis, “Analysis of transmission equipment 
performance based on the CEA system,” in Canadian Society for 
Electrical Engineering, May, 1984 Conf., Halifax, Nova Scotia. 
“Predicting transmission outages for system reliability evaluations, 
Electric Power Research Institute, EPRI-3880, Project 1468-2, May, 
1985. 

M. G. Lauby, K. T. Khu, R. W. Polesky, R. E. Vandello, J. H. Doudna, P. 
J. Lehlman, and D. D. Elempel, “MAPP bulk transmission outage dala 
and collection,” Trans. Power Apparatus and Systems, vol. PAS-103, 
pp. 213-221, Jan. 1984. 

M. G. Lauby, R. P. Ludorf, J. H. Doudna, D. D. Klempel, P. J, Lehman, 
and C, G, Dahl, “Analysis of pooling 345 kV bulk transmission outage 
data bel ween the mid-continent area power pool and Northeast utilities,” 


476 


(#3) 


{14) 


[15} 


APPENDIX N 


Trans. Power Apparatus and Systems, vol. PAS-104, pp. 2427-2434, 
Sept. 1985. 

M. G. Lauby, J. H. Doudna, R. W. Polesky, P. J. Lehman, and 
D. D. Klempel, “Effects of pooling weather associated MAPPA bulk 
transmission outage data on calculated forced outage rates,” Trans. 
Power Apparatus and Systems, vol. PAS-103, pp. 2345-2351, Aug. 
1984. 

A. D. Pation, “Determination and analysis of data for reliability studies,” 
IEEE Trans. Power Apparatus and Systems, vol. PAS-87, pp. 84-100, 
Jan. 1968, 

R. J. Ringlee, “Techniques for pooling outage data," Pennsyivania 
Electric Association (PEA}, System Planning Committee Fall Meeting, 
Sharon, PA, Oct. 1967. 


Don O. Koval (S’64~M'65-SM’78-F'90), for a photograph and biography, 
see this issue, p. XXX. 


Copyright © 1998 IEEE. All rights reserved. 


Appendix O 


Interruption Costs, Consumer Satisfaction 
and Expectations for Service Reliability 


By 
Michael J. Sullivan, Terry Vardell, 8. Noland Suddeth, Aili Vojdani 


Paper No. 95 SM 572-8 PWRS. IEEE-PES Summer Power Meeting 
July 23-27, 1995, Portland, Oregon. 


Copyright © 1998 IEEE. All rights reserved. 477 


This page is intentionally blank 


95 SM 572-8 PWRS 


Interruption Costs, Customer Satisfaction 
and Expectations for Service Reliability 


Michael J. Sullivan, Vice President 
Freeman, Sullivan & Co. 
San Francisco, CA 94105 USA 


B. Noland Suddeth, Manager of Transmission Control 
Duke Power Company 
Charlotte, NC 28201 USA 


Abstract — This paper summarizes results of a 
comprehensive study of the economic value of electric 
service carried out by Duke Power Company in 
cooperation with the Electric Power Research Institute. 
In the study, customer interruption costs were estimated 
for generation, transmission and distribution outages of 
differing lengths occurring under varying circumstances. 
Interruption costs for momentary outages and voltage 
disturbances are also reported. In addition to these 
economic indicators of customer value of service, customer 
expectations for service reliability and power quality and 
their satisfaction with the service currently offered are 
reported. Statistical methods and procedures used in 
estimating interruption costs are described. 


I, Introduction 


Some electric utility customers experience 
significant economic losses when power is interrupted or 
when power quality problems occur. These customers need 
and expect the highest quality and reliability of service that 
the utility can supply. On the other hand, the vast majority 
of utility customers experience relatively little 
inconvenience or cost as a result of electric outages or power 
quality problems. They do not desire, and are not willing to 
pay for, significantly improved reliability and power quality. 


Increasingly, utilities are being squeezed between the 
conflicting demands of customers who require higher quality 
(and more costly) service and those who demand lower rates. 
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To compete effectively given this situation, it is important for 
utilities to establish a balance between the costs of improving 
service reliability and quality, and the economic benefits that 
these improvements bring to customers. This approach to 
reliability planning is generally called Value Based 
Reliability Planning (VBRP). 


Value Based Reliability Planning directly takes account of 
the value of reliability and power quality to customers in 
assessing the cost effectiveness of proposed investment 
alternatives. Typically, VBRP planning procedures 
incorporate customer value of service in the planning process 
at the point at which investment alternatives are subjected to 
cost-benefit analysis. This is done by including avoided 
customer losses (due to outages and poor power quality) in 
the stream of benefits that arise from utility investments to 
improve reliability or power quality. 


Fig. 1. provides an example of the relationship between 
service reliability, utility investment cost and customer 
interruption cost [1]. The objective of value based reliability 
planning is to balance the utility’s investment cost against 
the interruption costs experienced by customers [2,3]. These 
costs are balanced by investing in reliability so that the Total 


Fig. 1. Minimizing the Total Cost Of Reliability 
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Cost of service reliability (i.e., investment cost plus customer 
interruption costs) is minimized. The line A in Fig. 1. is the 
point on the Total Cost curve at which the Total Cost is a 
minimum. All utility investments with Total Costs 
appearing on the left side of line A are cost effective and 
reasonable. All those on the right side of line A are 
investments which increase the total cost and are 
unreasonable. Investment cost estimates are obtained 
through conventional engineering cost estimation 
techniques. Customer interruption cost estimates are 
obtained by directly surveying customers to determine the 
costs they experience as a result of different kinds of 
reliability and power quality problems. 


As part of a larger effort within Duke Power Company to 
establish value based reliability planning, a comprehensive 
value of service study of Duke Power Customers was carried 
out in cooperation with the Electric Power Research Institute 
in 1992-93, In addition to interruption costs, the study 
measured customer satisfaction with and expectations for 
service reliability and quality. 


I. Approach 


Customer interruption costs are the economic losses 
customers experience as a result of interruptions of electric 
service or power quality problems. These costs vary from 
customer to customer as a function of a number of factors 
including: 


° the customer’s dependence on electricity, 

o the nature and timing of the electric supply 
disturbance; and 

° the economic value of the activity being disrupted. 


Consequently, to estimate customer interruption costs it is 
necessary to statistically survey representative sampies of 
customers. 


Procedures for statistically surveying customer interruption 
costs have been developed and refined by a number of 
utilities over the past 15 years; and in the late 1980s the 
Electric Power Research Institute (EPRI) co-sponsored 
several large scale efforts to demonstrate the estimation of 
outage costs using state of the art survey techniques [4]. The 
basic methodology used in these studies involves directly 
asking random samples of customers in different market 
segments (i.e., residential, commercial and industrial) to 
estimate their economic losses as a result of power reliability 
and quality problems commonly considered in utility 
planning. 
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Using the methods that had been developed and tested over 
the years by EPRI and others, information was collected from 
customers concerning the economic and operational impacts 
of a number of reliability and quality conditions. The seven 
outage scenarios outlined below comprise the minimum set 
of conditions for which information is required to support 
VBRP at Duke Power Company. These conditions included: 


1) a one-hour Generation outage (i.¢., an outage 
occurring at the time of system peak with advance 
notice; 

2) a one-hour summer afternoon T&D outage; 

3) a four-hour summer afternoon T&D outage, 

4) a two-hour winter morning T&D outage; 

5) a 1-2 second momentary outage (clear weather); 

6) several 1-2 second momentary outages (occurring 
during @ summer storm); and 

7) a 15 to 20 percent voltage sag (large customers 
only). 


Customers cannot distinguish between outages resulting 
from generation capacity shortfalls (generation outages) and 
those resulting from failures on the transmission or 
distribution system (T&D outages). Nevertheless, the 
conditions that customers experience during outages 
originating in the generation system are very different from 
the conditions they experience for outages originating on the 
transmission or distribution system; and as will become clear 
below, these different conditions result in very different 
outage costs. 


Outages originating on the transmission and distribution 
system generally occur without warning and can last 
anywhere from microseconds to many hours (even days). 
Outages resulting from generation capacity shortfalls are 
different in several important respects. Generation capacity 
shortfalls do not cause the collapse of the utility system 
because the operation of the system during generation 
shortfalis is governed by emergency operating procedures. 
These procedures dictate ameliorative actions that the utility 
will take when operating reserves are forecasted to fall below 
specified levels. Among the actions that are usually called 
for are public appeals for voluntary curtailments and if the 
situation continues to worsen, interruption of randomly 
selected retail circuits preceded by radio and television 
announcements. These interruptions are designed to last a 
fixed period of time (usually one hour) and are imposed in 
rotating fashion. Because the duration of the outage is fixed 
and known and because the customer receives advance notice 
of its onset, the costs resulting from generation outages are 
significantly lower than the costs that customers would 
otherwise experience. 
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Table 1. summarizes critical features of customer 
interruption cost surveys conducted during the study. The 
survey designs, sample designs and study procedures differed 
by market segment and customer size. Residential customers 
were surveyed by mail. Small and medium sized industrial 
and commercial customers were surveyed using a 
combination of telephone and mail; and large industrial and 
commercial customers were surveyed in-person by 
experienced cost estimators. 


Il. Interruption Cost Summary 


In the event of a generation outage, the average cost 
per kWh of unserved energy on the Duke Power System is 
estimated to be $7.79 (1992). Table 2. summarizes average 
customer interruption costs per event and per kWh for 
summer afternoon outages of one hour duration. The 
generation outage occurs with one-hour advance notice via 
radio and television announcements by the utility. Using the 
sample sizes and measurement techniques applied in this 
study, there is only a five percent chance that true system- 
wide generation outage costs are below $5.38 per kWh or 
above $10.10 per kWh. 


Commercial and industrial customers experience much 
higher interruption costs than residential customers. In 
Table 2, it is apparent that residential customer interruption 
costs are significantly lower than those of either commercial 
or industrial customers. For an outage lasting one hour on a 
summer afternoon originating in the transmission or 
distribution system, the average residential customer would 
experience an interruption cost of $5.39 (or about $2.07 per 
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coincident kWh of residential customer load). For the same 
outage, the average commercial customer would experience 
a cost of $1,317 (or about $45.82 per coincident kWh of 
commercial customer load). For industrial customers, the 
average cost of this outage is estimated to be $9,404 (or about 
$7.61 per coincident kWh of industrial customer load). 
Overall the average customer cost per unserved kWh for a 
one hour outage without advance notice is estimated to be 
$16.15 (1993). 


Interruption costs vary from customer to customer 
depending on a number of factors. Fig. 2a. and Fig. 2b. 
display the distribution of customer interruption costs for 
residential, commercial and industrial customers for a one- 
hour outage on a summer afternoon without advance notice. 
Residential customer interruption costs range from $0 to 
$64. Commercial customer interruption costs range from $0 
to over $100,000, and industrial customer interruption costs 
range from $0 to over $1,000,000. 


Differences in interruption costs among commercial and 
industrial customers are systematic and can be predicted 
from related production factors (i.e., the customer’s business 
type, size and production technology). Using these 
production factors, multiple regression models were 
developed for predicting customer interruption costs. Fig. 3. 
shows the relationship between predicted and actual 
interruption costs for a multiple regression model predicting 
customer interruption costs from these factors. Predictions 
from the regression model are not perfect, but they are 
significantly more accurate than predictions based only on 


Table 1. Duke Power Company - Value of Service Study Approach and Methodology 


Customer Class 
Characteristics 


Duke Power 
Customer Ciass 


Sam ple 
Design 


Residential Random Sampie 


Stratified by Geographic 


Location and Prior Reliability 


Large Industrial 
and Commercial 


Custom ers that 
Receive Power at 
IN on -Residentia] 
Rate Schedules with 
Demand > IMW or 


Random Sample 


and Transmission or 


Receiving Power 
lat Transm ission 


Custom ers that 
Receive Power at 

IN on-Residential 
Rete Schedules with 


Small and Medium 
Industrial and 


Com mercis) and Electrica] Demand 


Distribution Circuits 
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Stratified by Business Type 


Distribution Voltage Levels 


Customers 
Responded 


Custom ers 
Contacted 


Outage Cost 
Estim ation 
Methods 
Mail Survey, using 
Willingness to Pay 
im ¢asures with 
High Control and 
Low Control variations 


Response 
Rate 


On-Site Surveying 
Using Direct W orth 
Outage Cost 
Celeulations 


Com bination of 
Telephone end Mail 
Survey Using Direct 
Worth Outage Cost 
Estim ates 
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Tabie 2. Customer Outage Cost Summary 


Generation Outage Transmission of Distribution Outage 


Market Segment Mean Outage Cost Mean Outage Cost 
Residential Customers 
Cost Per Eyent $4.91 $5.39 
Cost Per Peak kWh $1.88 $2.07 
Commercial Custom ers 
Cost Per Event $604.19 $1,317.21 
Cost Per Peak kWh $21.02 $45.82 
Industrial Customers 
Cost Per Event $4,443 00 $9,403.55 
Cost Per Peak kWh $3.60 $7.61 
System Wide 
Cost Per Event n/a nia 
Cost Per Peak kWh $7.79 $16.15 


Michaat J. Sullivan, “Volume Five: Oucage Cost Summary”, in Fina! Repast for Value Of Service Study, December 1992 


market segment means (i.e., the mean for commercial or 
industrial customers). For example, multiple R’s for 
regression models predicting outage costs arising from 
different kinds of outages ranged from .67 to .34. That is, 
these models explain between 34 and 67 percent of the 
variation in outage costs about the averages for the market 
segments — a statistically significant improvement over the 
predictive power arising from market segment alone. 


Since much less information is required to estimate customer 
outage costs from the parameters in the regression model, it 
is possible to calculate customer specific outage cost 
estimates for all large customers (from regression models) 
and thus to obtain detailed estimates of customer outage costs 
without the expense of on-site surveys of all customers. This 
approach is being used by Duke Power Company to calculate 
circuit specific outage costs including unique estimates for 
each of its 1,000 largest customers. 


Although less of the variation in residential interruption cost 
is accounted for by variation in other household attributes, 
significant statistical associations are found between 
residential customer interruption costs, the size of the 
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Fig. 2a. Commercial and Industrial Customers 
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household and the age of its inhabitants. In general, the 
older the members of a household, the lower the houschold’s 
average interruption cost. When children are present, 
customer interruption costs are significantly higher. 


Circuit level interruption costs shouid be used when applying 
interruption cost information to transmission and 
distribution planning problems. While system average 
interruption cost estimates are meaningful and useful for 
generation planning, significant errors can be made by 
applying system average figures to particular circuits. 
Because of the variation that exists across circuits in the 
distribution of customers by market segment and size, 
customer interruption costs for particular circuits may 
deviate dramatically from system averages. 


From the individual customer’s point of view, generation 
outages {i.e.,. those including advance warning) are 
inherently less costly than transmission and distribution 
outages (i.c., those without warning). Advance warning 
significantly lowers the costs of outages for commercial and 
industrial customers. Table 3. illustrates the effect of 
advance notice on customer outage costs. 
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Fig. 2b. Residential Customers 
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Fig. 3. Prediction of Customer Outage Costs 


Given one hour advance notice, the average large 
commercial customer can reduce its interruption cost by 35 
percent, from $22,506 to $14,574. For large industrial 
customers the savings due to advance notice are even greater. 
Given one hour advance notice, the average large industrial 
customer can reduce its interruption cost by 43 percent, from 
$46,695 to $26,582. 


Voltage sags of 20 percent for less than 30 cycles can result 
in significant interruption costs for about 10 percent of Duke 
Power’s largest industrial and commercial customers. On 
average, large commerciat and industrial customers 
estimated that a voltage sag would cost about $7,694. 
However, slightly less than 50 percent of the large customers 
surveyed said that they would experience no losses as a result 
of a voltage sag. The interruption costs estimates provided 
by the remaining 50 percent of customers ranged from a low 
of $13 to a high of about $285,000. Ten percent of the large 
customers surveyed estimated their losses from a voltage sag 
would be in excess of $23,600. For customers who said that 
they would experience costs as a result of a voltage sag, the 
average cost was estimated to be $60,407. 


Momentary intermptions can result in significant 
interruption costs for most of Duke Power’s large 
commercial and industrial customers. On average, large 
customers estimated they would experience costs of $11,027 
as a result of a 1 to 2 second momentary interruption on a 
summer afternoon. Approximately 35 percent said they 
would experience no losses as a result of a 1 to 2 second 
outage. Fifty percent of the large customers said that a 


Table 3. Customer Interruption Costs With and Without Advance Notice 


Customer Class With Notice W/O Notice 
Large Commercial $14,574 $22,506 
Large Industrial $26,582 $46,695 
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momentary interruption of 1 to 2 seconds would result in 
outage costs in excess of $1,500; and ten percent of large 
customers said that their costs in the event of a momentary 
outage would exceed $45,130. For customers who said that 
they would experience costs as a result of a momentary 
outage, the average cost was estimated to be $72,426. 


IV. Customer Expectations For 
Service Reliability 


Most customers understand that it is virtually 
impossible to provide perfect power supply reliability and 
power quality. However, they differ dramatically in their 
expectations for the utility's performance along these 
dimensions. 


Large commerciai and industrial customers expect nearly 
perfect service reliability. Most of the large commercial and 
industrial customers in the study were served at transmission 
voltages. These customers experience almost no outages. 
From their reactions to the survey, it is reasonable to 
conclude that most large commercial and industrial 
customers probably do not consider any number of outages of 
any duration to be acceptable. 


Small and medium sized commercial and industrial 
customers expect significantly higher reliability than 
residential customers. Customers on primary and secondary 
distribution circuits were asked to indicate the number of 
outages (of different durations) that they consider to be 
acceptable in a given year. The objective of this battery of 
questions was to measure the customer's desired level of 
service reliability in non-economic terms. The outage 
durations studied included momentaries, short outages (i.e., 
less than one hour) and long outages (i.¢., outages lasting 
one to four hours). In the survey, respondents could indicate 
that they thought outages of the above durations would be 
acceptable at one of the following intervals: daily, weekly, 
monthly, every few months, twice a year, once a year, and 
none of the above. 


Fig. 4a. and Fig. 4b. compare the answers to the above 
question given by residential and small and medium sized 
commerciai and industrial customers. The figures show that 
residential customers have significantly lower expectations 
for service reliability than commercial and industrial 
customers. For example, Fig. 4a. shows that fifty percent of 
residential customers consider two or less extended outages 
per year to be an acceptable level of service. On the other 
hand, fifty percent of commercial and industrial customers 
expect one or fewer outages per year. That is, the median 
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Fig, 4a. Acceptable Number of Extended Outages 


commercial and industrial customer expects service to be 
about twice as reliable as the median residential customer. 


The difference between expectations for service reliability 
for non-residential and residential customers is even more 
pronounced for momentary outages. Fig. 4b. shows that the 
median residential customer considers service to be 
acceptable if the number of momentary outages is less than 
about 38 per year -- about once every ten days. On the other 
hand, the median non-residential customer expects fewer 
than 12 outages per year -- about one per month. Here non- 
residential customers expect or desire service that is about 
three times as reliable as that desired by residential 
customers, 


V. Customer Satisfaction 


The satisfaction of customers with service reliability 
was measured in all three studies to ensure that the issue of 
customer satisfaction could be addressed. The customer 
satisfaction measures used in the surveys were comparable to 
those used on other studies of Duke Power customers. 


The relationship between the reliability of utility service and 
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Fig. 4b. Acceptable Number of Momentary Outages 
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residential customer satisfaction is more complicated than it 
might appear at first. The results of this survey indicate that 
reliability history has no direct effect on a customer’s 
satisfaction with utility service. That is, customers who 
receive relatively less reliable service are no less satisfied 
than other customers who receive higher reliability service. 
Fig, 5. shows that there are relatively smali differences in 
the levels of satisfaction for customers in the survey sampled 
from circuits with dramatically different prior reliability 
histories. 


Residential customer satisfaction is determined by the 
customer’s perception of their service reliability, not by 
their actual service reliability. | Residential customer’s 
perception of the reliability of their service is highly 
correlated with their satisfaction. Customers who perceive 
that they are experiencing relatively high numbers of 
momentary or sustained outages are significantly less 
Satisfied than customers who believe that they are not 
receiving relatively high numbers of outages. 


Customer’s perception of the reliability of their electric 
service is influenced by the reliability of their service, but 
most residential customers cannot distinguish high reliability 
service from low reliability service. Customers who 
experience relatively small numbers of momentary and 
sustained outages are significantly more likely to say that the 
number of outages they experience is very low than are 
customers who experience these kinds of outages more 
frequently. However, the relationship between perceived 
service reliability and actual service reliability is tenuous. 
Only customers in the extremes of the reliability distribution 
appear to be able to discriminate their level of service 
reliability, and then only imperfectly. 


Digwat Yay 


Fig. $. Residential Satisfaction 
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The effect of actual service reliability on customer 
Satisfaction is indirect, based on the customer’s perception of 
the reliability of its service. Many other factors affect the 
customer’s perception of the reliability of their service besides 
the actual level of reliability that they experience. 


VI. Conclusions 


This study shows that customer interruption costs 
vary systematically and predictably as a function of customer 
type and size and within commercial and industrial customers 
by the processes, equipment and products being made and 
sold. It documents the ameliorative effects of advance 
warning on interruption costs arising from generation 
outages and suggests that electric emergency planning may be 
a highly cost effective alternative to investment in new 
generation. Because there are significant differences across 
utility circuits in the numbers and types of customers served, 
this study suggests that it is inappropriate to apply system 
wide interruption cost estimates to transmission and 
distribution planning problems. Work is ongoing at Duke 
Power Company and the Electric Power Research Institute to 
develop interruption cost estimates that are appropriate for 
these applications. 
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Abstract - The Power Systems Reliability 
Subcommittee strives to maintain current reliability 
data on major electrical equipment to assist the 
industry in accomplishing realistic and meaningful 
reliability studies. This paper presents results of a 
low voltage circuit breaker reliability survey 
achieved through use of available results from 
testing during preventive maintenance. A 
substantial number of test results were obtained to 
allow credible results for a few different circuit 
breaker categories. A similar set of results was 
published in a paper[1] for the 1990 Industry 
Applications Society Conference. Most of these 
results have been incorporated into this new 
expanded effort. 


INTRODUCTION 


Results of a low voltage circuit breaker reliability survey, 
obtained from circuit breaker preventive maintenance 
tests are presented here. The results show differences 
between various categories and what components 
failed, allowing the reader to judge with some degree of 
confidence, the weaknesses and strengths of the circuit 
breakers. Since the results are taken from circuit 
breaker tests, failure rate as a function of time was not 
possible. However, because of the nature of the 
operation of this equipment type, these forms of data 
and results are of value since often a failure or pending 
failure is not evident until a test is conducted. 
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In keeping with the policy of the Power Systems 
Reliability Subcommittee, survey results of this type do 
not identify manufacturers, do not promote any types or 
designs nor are the results intended to draw definite 
conclusions. This is left to the reader. 


The foliowing tables refiect available data from the tests, 
but only where sufficient data were available to present 
credible results {in the judgment of this working group). 


GENERAL 


Certain categories were possible to present, as 
evidenced in the tables to follow, and some comment is 
beneficial here in understanding the results. Many tests 
described certain circuit breakers as being in “new” 
condition or appearing “new”. These were broken out 
allowing comparison to “old” circuit breakers or those 
not identified as in “new” condition. Some circuit 
breakers were tested more than once. Number of tests 
are shown and were counted separately’ if 
approximately 3 years or more apart. !t is important to 
remember the results here are taken from tests that did 
not identify service conditions, age, or time of use. The 
tabies below show number of tests and also number of 
circuit breakers to allow evaluation based on either. 
The failure modes available from the tests are defined 
as follows. 
Trip Unit - failed to operate - repaired or 

replaced (Note: where calibration 
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could not be corrected by 
readjustment and required 
replacement, a trip unit failure was 
counted) 

not able to trip within specified current 
and time range -required 
readjustment 

springs, arms, fevers, hardened 
lubricant, etc. - repaired or 

replaced 

alignment, incorrect pressure, pitted, 
etc. - repaired or replaced 


Trip Calibration : 


Mechanical : 


Power Contacts : 


APPENDIX P 


Arc Chutes : chipped, cracked, burned, etc. - 
repaired or replaced 

auxiliary contacts, indicators, 
Pushbuttons, etc. - repaired or 
replaced 


Auxiliary Device : 


OVERALL SUMMARY (TABLE 1) 


Table 1 shows all circuit breakers tested and what failed 
during a test. The trip unit and trip calibration were the 
highest in failures, the percentage of failures being 2 or 


TABLE ‘4 


Total No. Bkrs 
Total No. Tests 


Total No. Failures at Test 


Failed Component: 
Trip Unit 
Trip Calibration 
Mechanical 
Power Contacts 
Arc Chutes 
Auxiliary Device 
Total No. Failed Components 


more times that of other failure modes. 

1174 

1989 

294 

No. of % of 
Fir's Tests 
109 5.5 
84 4.4 
45 2.3 
44 2.2 
12 0.6 
10 0.5 
*304 15.3 


* 10 circuit breakers had 2 failed cormponents during one test 


SOLID STATE TRIP UNITS VS 
ELECTROMECHANICAL TRIP UNITS - (TABLE 2) 


Table 2 compares solid state (S/S) trip units to 
electromechanical (EM) type. Results show the EM 
breaker types with a higher percentage of failures (or 
unacceptable operation) of all components. As some 
would predict, the EM trip units experienced 
substantially more failures than the S/S_ type, 
approximately twice the percentage. Since some circuit 
breakers were described in the test results as in “new” 
condition, these have been broken out to show any 
influence this condition may have had on the failures. 
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There was no test data clearly showing EM type as 
“new”, so it can be assumed that none of these 
appeared in “new” condition. The results show that the 
“new” S/S type, although showing some expected 
influence on the resuits, if broken out separately, would 
still not change this observation of EM types showing a 
higher percentage of failures. Another observation is 
that for all circuit breakers with S/S trip types, there is a 
more even distribution of percentage of failures over the 
different failure modes than for E/M types which clearly 
have the highest percentage of failures associated with 
the trip units. 
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TABLE 2 
Trip Unit Type AILEM AILS/S New S/S 
Total No. of Bkrs 662 §12 99 
Total No. of Tests 1054 935 176 
Failed Component # of % of # of % of # of % of 
Firs Tests Fir's Tests Firs Tests 
Trip Unit 81 7.7 28 3.0 "2 1.4 
Trip Calibration 60 5.7 24 2.6 il?) 0.0 
Mechanical 26 2.5 19 2.0 *4 2.3 
Power Contacts 25 2.4 19 2.0 "5 2.8 
Arc Chutes 6 0.6 *6 0.6 *O 0.0 
Auxiliary Device “6 0.6 *4 0.4 *0 0.0 
Total No. Failures 204 19.4 100 10.7 11 6.2 
* Small sample size - less than 6 failures 
SOLID STATE vs. ELECTROMECHANICAL above. Results show a significant difference in 


ACCORDING TO FRAME SIZE (TABLE 3) 


Table 3 shows how circuit breakers with S/S and EM trip 
units compare according to frame size. The 600 amp 
and 800 amp frame sizes are combined since very little 
difference is expected in applications. Larger frame 
sizes include 4000 amp, but the total number breakers 
and tests warranted combining all sizes 1600 amp and 


percentage of failures between the smajlier and larger 
frame sizes for circuit breakers with EM trip units, with 
the larger frame sizes higher than that of the smaller 
sizes. Frame size shows less effect on the difference 
between large and small circuit breakers with S/S trip 
types. &M trip units still show an obviously higher 
percentage of failures when compared to S/S type. 


TABLE 3 

Frame Size 600A & 800A : 1600 A & Above 

Trip Unit Type EM sis EM S/S 

No. of Breakers 464 380 198 132 

No. of Tests 842 778 212 157 

Failed Component # of % of # of % of # of % of # of %of 

Firs Tests Firs Tests Firs Tests Firs Tests 

Trip Unit 50 5.9 20 2.6 34 46 8 5.1 
Trip Calibration 41 49 22 2.8 19 9.0 *2 1.3 
Mechanical 17 2.0 16 2.1 6 2.8 3 4.9 
Power Contacts 16 4.9 19 2.4 *6 2.8 *O 0.0 
Arc Chutes 6 0.7 *4 0.5 0 0.0 *0 0.0 
Auxiliary Device "2 0.2 3 0.4 *2 0.9 "4 0.6 

Total No. Failures 132 15.7 84 10.8 64 30.2 14 8.9 


* Small sample size - less than 8 failures 
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SOLID STATE vs ELECTROMECHANICAL TRIP 
CALIBRATION FAILURES (TABLE 4) 


Table 4 shows the failure relationship between the long 
time, short time and instantaneous settings of trip units. 
Some circuit breakers had more than one time setting 
out of calibration, evidenced by the total exceeding the 


APPENDIX P 


total of trip calibration failures in tables above. Some 
circuit breakers did not have all 3 time settings 
available, but practically all had instantaneous settings 
with the exception of a few. The results show no 
calibration failures for the instantaneous settings for S/S 
trip units. 


TABLE 4 

Trip Unit Type AlLEM AULS/S 
Total No. of Bkrs 662 512 
Total No. of Tests 1054 935 
Trip Calib. Failure # of % of # of % of 

Firs Tests Firs Tests 
Long Time 45 43 14 1.5 
Short Time “4 0.1 11 4.2 
tnstantaneous 29 2.8 *0 0.0 
“Total 76 7.1 25 2.7 


* Small sample size - less than 8 failures 


** Some circuit breakers had more than one time setting out of calibration 


OBSERVATIONS/CONCLUSIONS 


A significant observation from the results of this survey 
is that, for all circuit breakers, the percent of 
unacceptable operations of EM trip units were more 
than twice those with S/S trip units. This included both 
failure of the trip unit to operate and failure due to 
calibration. 


EM trip units for circuit breakers rated 1600 amp and 
above, combined, experienced more than twice the 
percent of unacceptable operations as those rated 600 
amp and 800 amp, combined. Again, this included both 
failure of the trip unit to operate and failure due to 
calibration. 


For all circuit breakers, both percent of unacceptable 


operation of trip units and calibration were much higher 
than the other failure modes. Mechanical operation 


492 


failures and power contact failures experienced the 
same percentage for both EM and S/S type circuit 
breakers. 
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